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The regularity of development of the ultraviolet ab- 
sorption spectrum of iodine between 1900 and \3413 
from shorter to longer wave-lengths with increasing 
temperature and pressure indicates that the bands all 
belong to one system. The large range of conditions under 
which bands studied by Pringsheim and Rosen and those 
found by Kimura and Miyanishi are both found leads to 
the same conclusion. The “long thin bridge”’ joining these 
two regions is explained as the result of the coincidence of 
AG’=70 cm™ and AG” =210 cm™, causing successive v’ 
progressions to coincide. This is supported by the manner 


HE existence of ultraviolet absorption in 
iodine vapor was indicated, according to 

the theory of Lenz,' by the ultraviolet fluores- 
cence found by McLennan,? Oldenberg’® and 
Wychodil.* This absorption was studied by three 
different groups of investigators in 1928-29. 
The region \\2080—-2760 was studied by Prings- 
heim and Rosen.* They used a sphere of 6 cm 
diameter, and unstated temperatures in the 
range 200-800°C. They found two series of 
bands: one at AA2500—2760 spaced uniformly at 
90 cm, the second AA2080—2200 spaced at 70 
cm-'. These they called the v'=0 and v’=0 
progressions, respectively, and analyzed the 

* Portion of a dissertation presented for the degree of 
Doctor of Philosophy at Yale University. 

1W. Lenz, Phys. Zeits. 21, 691 (1920); Zeits. f. Physik 
25, 299 (1924). 

J. C. McLennan, Proc. Roy. Soc. A88, 289 (1913); 
A91, 23 (1914). 

*0. Oldenberg, Zeits. f. Physik 18, 1 (1923). 

*P. Pringsheim, Die Naturwiss. 16, 131 
Hirschlaff, Zeits. f. Physik 75, 325 (1932). 


*P. Pringsheim and B. Rosen, Zeits. f. Physik 50, 1 
1928). 


(1928); E. 


in which successive v’ progressions join on to the single 
series. A similar explanation probably holds for the single 
series of spacing 90 cm™ at the red end of the Pringsheim 
and Rosen bands, which breaks up near A2850 into the 
bands found associated with the \3413 “continuum” in 
fluorescence, emission and absorption. This continuum 
forms the absorption maximum at the long wave-length 
limit of the spectrum, the red end. It is therefore neither 
an electron affinity nor ionic recombination nor any other 
atomic spectrum. These results agree well with Mulliken’s 
theory of this system. 


intervening welter of bands according to these 
two frequencies, which they could readily do 
within the limits of their accuracy. This necessi- 
tated the identification of their lower state with 
an excited state of the molecule (o=90 cm™, 
wx=(0) rather than the ground state (w=214 
cm, wx=0.6 cm). Kimura and Miyanishi*® 
extended the absorption, obtaining bands with 
an absorption tube 15 cm long at temperatures 
35-120°C in the region AA1950—-2150. These 
they analyzed according to the equation 


vy = 52,800+ 780’ —v”* — 2100” cm™. 


The value w’ =78 cm~ they identified with that 
(70 cm") of the upper state of the Pringsheim- 
Rosen bands, and the lower state they identified 
with the ground state of the molecule. However, 
their intensity distribution was incomprehensible 
and their method of determining v” incorrect, 
hence their results are not very convincing. 


* M. Kimura and M. Miyanishi, Sci. Papers Inst. Chem 
and Phys. Res. Tokyo 10, 33 (1929). 
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TABLE I. Dependence of ultraviolet absorption on temperature and pressure. Data for the observations plotted in Fig. 1 
are given here. 














Temp. Pressure Region Temp. Pressure Region 

(°C (mm Hg) Bands (A) (°C) (mm Hg) Bands cA) 

23 0.41 K-—M and S-W 1930-1960 190 27 P-R 2130-2210 

30 .50 K-M “ S-W ’ 1925-1960 190 157 None 

30 50 K-M “ S-W 1900-2000 (2 hrs.) 190 521 None 

31 .70 K-M “ S-W 1930-1970 330 5.8 None 

39 1.05 K-M 1930-2010 326 8.2 P—R and K-M 2100-2200 

47 1,1 K-M 2040-2125 330 18 P-R 2120-2210 

120 0.9 None 330 105 P-R 2200-2250 

120 1.3 P-R and K-M 2010-2120 335 217 P-R 2280-2340 

120 1.9 P-R “ K-M 2050-2140 330 570 P-R 2270-2330 

120 2.5 P-R ‘“ K-M 2060-2150 505 27 None 

120 4.7 P-R “ K-M 2070-2150 545 55 P-R 2220-2270 

120 8.0 P-R “ K-M 3110-2180 502 105 P-R 2220-2330 

120 8.2 P-R “ -K-M 2080-2160 510 150 P-R 2300-2370 

120 11 P-R “ K-M 2O80—2160 498 350 P—-R ca 2330 

120 30 P-R 2100-2190 498 680 None 

190 25 None 690 157 P-R 2350-2450 

190 75 None 640 170 P-R 2350-2480 

190 1.4 P-R and K—-M 2060—2140 644 294 P-R 2400-2630 

190 6.0 P-R “ K-M 2100-2160 630 350 P-R 2440-2630 
690 815 P-R 2500—2700 











Note; K-M =bands in the Kimura-Miyanishi region; S-W =bands in the Sponer-Watson region; P-R =bands in the Pringsheim-Rosen region. 


Sponer and Watson’ carried the observations 
into the Schumann region, and found at least 
two absorption systems. The one lying at longer 
wave-lengths, \A1770-1950, apparently formed 
a continuation of t's Kimura-Miyanishi bands. 
However their temperatures, pressures and path 
lengths differed greatly from those of Kimura 
and Miyanishi. 

The Sponer and Watson bands seemed to form 
two long wv progressions, and were certainly 
related to the ground state of the iodine molecule, 
since they were obtained at room temperature. 
They showed a AG’ value varying in the range 
35-55 cm. Their relation to the Kimura- 
Miyanishi bands left little room to doubt that 
the value 78 cm for the AG’ of the latter was 
incorrect. Hence Sponer and Watson re-analyzed 
the Kimura and Miyanishi data, obtaining a 
value of AG’ of 50-70 cm™. Their intensity 
distribution also seemed more probable than the 
solid block shown by Kimura and Miyanishi. 
Sponer and Watson also attempted to include 
the long series called by Pringsheim and Rosen 
their v’=0 progression. But here the relation 
was not so clear, and it was very difficult to 
make the connection between the two groups of 
bands consist of a single progression. However, 


7H. Spone: «ad *Y. W. Watson, Zeits. f. Physik 56, 184 
(1929). 


it seemed quite possible that these bands all 
belonged to one system. These and some other 
relations of these bands have recently been 
discussed by Curtis and Evans. 

The chief difficulty concerning these bands is 
the relation between the bands observed by 
Pringsheim and Rosen and those found by 
Kimura and Miyanishi. This is due chiefly to 
the diversity in path length, temperatures, and 
pressures of the experimental conditions of the 
different investigations, and to the peculiar 
relation of the “long thin bridge,”’ Pringsheim 
and Rosen’s v’’=0 progression, uniting them. 
Hence the first step in studying the relation of 
these bands was to investigate their dependence 
on temperature and pressure. For this purpose a 
15 cm absorption tube with an electrically 
wound furnace and an appendix with a separate 
furnace were prepared. The temperatures of the 
main tube and the side limb were read by means 
of thermocouples. The absolute values are 
probably not in error by more than 10°C. The 
pressures were obtained from the temperature 
of the appendix tube by means of vapor pressure 
tables. 

The results are shown in Fig. 1 and Table I. 
Table I gives the values of the quantities plotted 


*W. E. Curtis and S. F. Evans, Proc. Roy. Soc. A141, 
603 (1933). 
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in the figure. The region in which bands are 
found under the corresponding conditions of 
temperature and pressure is roughly indicated 
by the type of point entered, corresponding to 
the original investigators who found bands in the 
region of some of those found under those 
conditions, and by the contour lines. There are 
two important conclusions to be drawn from 
Fig. 1. First is the regularity of development of 
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Fic. 1. Contour diagram of ultraviolet absorption bands 
obtained as a function of temperature and pressure. The 
data are for a 15 cm path length and low dispersion. The 
solid lines delineate the region in which bands are found, 
the dotted lines are wavelength contour lines. The type of 
point entered indicates whether the corresponding bands 
were observed by Pringsheim and Rosen,’ Kimura and 
Miyanishi,* or Sponer and Watson.’ 


the system from shorter to longer wavelengths 
with increasing temperature and pressure within 
the limits where discrete bands are visible. 
There is no irregularity or discontinuity cor- 
responding to the transition from Kimura- 
Miyanishi to Pringsheim-Rosen bands. This 
extends the regularity of development found by 
the various investigators in. their own regions. 
Second is the large number of different condi- 
tions under which both Kimura-Miyanishi and 
Pringsheim-Rosen bands are found. This is partly 
due to the fact that the two wavelength regions 
overlapped considerably, but in any case it shows 
that there must be a close connection between 
the two groups of bands. 

Since the results so far indicated that the 
bands belong to a single system, it was thought 
possible that other progressions could be found 
connecting the two groups of bands. For this 
purpose measurements were made at medium 
dispersion (100 cm~'/mm at 2200) on bands in 
the intermediate region. A few new bands were 


found, but the single series with spacing 70 cm~' 
remained. It was concluded that this series was 
due to the superposition of successive v pro- 
gressions, due to the coincidence of values 
AG’ =70 cm~', AG” =210 cm. This could be 
tested by studying the manner in which different 
v’ progressions are related to the single series. 
This is shown in Table II, which gives a partial 


Taste Ii. 
TABLE II. Kimura-Miyanishi bagds and the long thin bridge. 


This gives a matrix diagram showing the relation of the 
single series (above the line in each column) to several 
progressions in the Kimura-Miyanishi region. Some 
new measurements are incl , Other progres- 
sions in this region lie to the left of those given. 

















46726 206 46520 207 463135 207 46106 
73 71 70 67 
46799 208 46591 208 46383 210 46173 
74 68 65 68 
46873 214 46659 211 40448 207 46241 
76 67 72 72 
40948 222 46726 206 46520 207 46313 
69 73 71 70 
47017 218 46799 208 46591 208 46383 
70 74 68 665 
47087 214 46873 214 46659 #11 4OAAK 
63 76 67 72 
47150 202 40948 222 46726 206 46520 
67 69 73 71 
47217 200 47017 218 46799 ae 46591 
68 70 7. 68 
47285 18 47087 214 4687: 214 46659 
71 63 7 67 
47356 206 47150 202 40948 222 46726 
69 67 a9 7: 
47425 208 47217 200 47017 218 46799 
as aR 70 63 
47493 208 47285 198 47087 225 46862 
” a 71 63 70 
47356 206 47150 218 46932 
69 62 68 
47636 211 47425 213 47212 212 47000 
63 68 68 70 
47699 208 47493 213 47280 210 47070 
65 60 67 
477 47340 203 47137 
66 665 
47830 210 47620 215 47405 
66 61 66 
47896 216 47681 #11 47470 213 47257 
60 68 69 
47936 207 47749 210 47539 
a6 67 06 
48022 208 47816 211 47605 
74 71 66 
48096 209 47887 216 47671 
a7 7 65 
48163 219 47944 28 477% 
62 61 
48006 209 47797 








matrix diagram of measured frequencies in the 
region where the Kimura-Miyanishi bands merge 
into the single series. The bands at the top 
(lower v’ values) belong to the single series and 
are repeated in successive columns, as far down 
as the underlined band. Beyond this band, the 
individual progressions are clearly distinguished. 
It will be readily seen that the series regarded 
by Pringsheim and Rosen as a v”’ =0 progression 
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TABLE III. Band measurements in the region of the Kimura- Miyanishi and Sponer-Watson overlap. The measurements were 
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made at low dispersion, partly by extrapolation, and are not of great accuracy. However, the general agreement 
indicates the close connection of the two sets of bands. 




















Measured K-M Measured 
50008 50015 (5) 50943 50942 
041 045 (6) | 961 | 
075 075 (5) 983 | 
109 105 (5) | 50994 51007 | 
| 
126 (u) | 026 | 
i 
139 140 (6) | 033 | 
164 168 (5) | 51050 044 
173 (u) 059 | 
200 198 (7) O86 | 
238 234 (6) 106 117 ( 
(masked) 259 (5 130 
50281 287 (7) | 167 
(These bands 50314 (7) 185 
visible but — 
too weak to - 206 
measure. ) 50741 (7) 
224 
CH;I Absorption 
50847 (8 237 
50898 896 (6) 258 
911 (6) 291 298 





actually belongs to three or four progressions 
with’ different v’ values. The conditions are 
similar at the other end of the long thin bridge 
where the Pringsheim and Rosen bands merge 
into the single series. 

It seemed desirable also to investigate the 
relation of the Sponer-Watson and Kimura- 
Miyanishi bands by means of overlapping 
measurements. The results are given in Table 
III, and show the continuity of the two groups 
of bands. 

The analysis of the Pringsheim and Rosen 
bands is not very satisfactory in any case. An 
attempt was made to improve it by the use of 
high dispersion (40 cm~'/mm at 2300), but it 
was found that the rotational structure, though 
incompletely resolved, made the bands too 
diffuse for accurate measurement. Hence the 
relation of the bands to the other single series 


K-M 











Measured S-W Measured 

(6) | $1224 51224 51937 51939 
6) | 291 281 990 982 
u 349 334 52042 52032 
7 387 | 094 082 
7) (masked) 430 | 148 136 
5) 51459 200 182 
5 476 250 235 
6 509 288 ? 289 
7 522? 526 356 339 
8) 564 569 403 389 
u) 589 ? 459 439 
616 623 | 517 492 
8) 663 673 562 542 
u 693 ? 616 591 
720 724 640 
8) 777 777 63860 691 
u 835 828 710 740 
8 889 885 761 787 
811 £40 


(Pringsheim and Rosen’s v’=0 series, with a 
spacing of 90 cm") is not clear. However, if the 
series is due to the coincidence of AG’ =90 cm~! 
and AG” =180 cm™, the series should break up 
at the long wavelength end. For this purpose 
high pressures and temperatures were used to 
extend the system as far as possible. It was 
found that the series breaks up in the neighbor- 
hood of 42850. This is interpreted as being due 
to the simultaneous increase of AG’ and decrease 
of AG” till the progressions no longer coincide. 

Still further increase of temperature and 
pressure gave, as found by Skorko,’ two “‘con- 
tinua’’ with intensity maxima at A3413 and 
43270. At the highest temperatures obtained, 
1115°C, the bands visible in the absorption edge 
have progressed until they reach the region of 
strong absorption at 3413, but go no farther. 
 *E, Skorko, Nature 131, 366 (1933). 
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Fic. 2. Enlargement (4 > 


This condition is illustrated in Fig. 2. It will be 
noticed that there is no visible absorption at 
wavelengths greater than \A3413. Hence this 
“continuum,” which has been the subject of 
much discussion,* appears to be the red end"® of 
this strong absorption system. Naturally, when 
it is observed in emission the bands with lowest 
values of v’ are most strongly developed, and 
these correspond to the red end. That the 
“continuum” and the discrete bands belong to 
the same system is indicated by their being found 
associated under such diverse circumstances 
(fluorescence at high temperatures‘ and pres- 
sures," electrical discharge,“ and absorption). 

1° F. W. Loomis and S. W. Nile, Jr., Phys. Rev. 32, 873 
(1928). 

1 Q. Oldenberg, Zeits. f. Physik 25, 136 (1924). 


2G. Cario and O. Oldenberg, Zeits. f. Physik 31, 914 
(1925). 


and microphotometer trace (6 X 


| | 
3263 3413 





} 
3263 NH 3413 


of two plates showing the absorption bands of iodine at the 
red end of the ultraviolet absorption system. 


Hence the upper state involved is that of the 
ultraviolet absorption, not electron+atom™ or 
ions." Its presence in fluorescence with condi- 
tions of high collision probability must be 
because collisions favor the emission of these 
bands over the McLennan bands. This may also 
be the reason why these bands appear so strongly 
in heated vapor in the discharge.": ™ 

The bands measured in absorption have been 
compared with previous measurements, but it 
has not been possible to obtain a satisfactory 
quantum analysis. Further work in fluorescence 
is under way, and it is hoped to obtain an 
analysis of these bands by relating them to the 
fluorescence series. 


18 W. Gerlach and F. Gromann, Zeits. f. Physik 18, 239 
1923). 
“4H. F. Fruth, Phys. Rev. 31, 614 (1928). . 








6 D>. TF. 


The second absorption maximum at A3263 
has been observed by Skorko with a similar 
arrangement. It may possibly correspond to a 
band given by Konen" as “continuous maximum 
at 3300,” though this latter seems more probably 
the \3413 continuum, which is almost always 
present in emission. Again Fruth™ reports three 
bands across the tail of \3460, of which the first 
is 43265, in good agreement with this edge, 
though the appearance of the band seems to be 
different. Hirschlaff* has obtained it in» fluo- 
rescence at high temperatures, apparently asso- 
ciated with six narrow bands, which may, 
however, belong to the absorption system. In 
any case, it may similarly form the red end of 
an absorption system. If so, the upper state 
would lie about 1400 cm higher than the upper 
state of the discrete bands. It was at first thought 
that these two states might form the components 
of a multiplet, presumably *IIp,,,. But the con- 
clusions reached by Mulliken’® make it seem 
unlikely that the upper state can be other than 
'y.*(0.*), with no multiplicity. In any case, it 
indicates a second excited state of the iodine 
molecule lying close to the one concerned in the 
discrete absorption. If there is any discrete 
absorption connected with the maximum 3263, 
it presumably lies higher than that belonging to 
the Pringsheim and Rosen bands, in the region 
of total absorption (to which it would contribute) 
under given conditions of temperature and 
pressure. 


% H. Konen, Ann. d. Physik 65, 257 (1898). 
*R.S. Mulliken, Phys. Rev. 46, 549 (1934) and private 
communication. 
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Concerning the excited state involved in this 
absorption (called by Jevons'? C and C’, by 
Mulliken'® and Curtis and Evans* D) a few 
conclusions may be drawn. The w value must be 
at least as great as 90 cm™ as found in the 
single progression, and may be estimated as 
close to 100 cm~ from the series found connected 
with \3413 in emission": ” and fluorescence.‘ 
The highest possible value of »(0,0) is given by 
adding 29,229 cm™ (3413) to the heat of 
dissociation of the ground state, D”’ =12,439 
cm, giving v(0,0) <41,670. This is because the 
r. value of the excited state is so large that the 
transitions corresponding to the intensity maxi- 
mum of the red end belong to very low v’ values. 
Extrapolation of Oldenberg’s intervals" gives 
the value 41,210 cm for »(0,0). The corre- 
sponding heat of dissociation (based on a long 
and doubtful extrapolation in the vacuum region) 
is 19,000 cm. 

These unusual characteristics lead to an 
absorption system covering a very long spectral 
region (3.3 volts), which is unusual for such a 
heavy molecule. This difficulty has been ex- 
plained by Mulliken,’® who shows that these 
characteristics are due to the relation of this 
state to ionic dissociation with Coulomb forces 
acting at large internuclear distances. 

The author’s sincere thanks are due to Pro- 
fessor W. W. Watson who suggested the problem 
and gave constant assistance in the investigation 
and in interpretation of results. 


17 W. Jevons, Report on Band-Spectra of Diatomic Mole- 
cules, London, The Physical Society (1932). 
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The Analysis of the Hydrogen Sulfide Band at 10,100A 


Pauw C. Cross,* Gates Chemical Laboratory, California Institute of Technologyt 
(Received November 8, 1934) 


Details of the measurement and procedure of analysis 
of the »z+3v, band of H,S are given. An approximate 
correction for the rotational distortion of the molecule is 
included. Assignments are made which satisfactorily 
account for 84 of the 91 measured lines. The remaining 
7 lines are considered spurious. The theory for a rigid 
rotator plus the distortion correction gives a very good 


approximation to the rotational energy levels of the H,S 
molecule, but many deviations are observed which are 
definitely larger than the experimental error, The moments 
of inertia in the normal vibrational state are 2.667, 3.076, 
5.845 x 10-** g cm", the axis of least inertia being perpen- 
dicular to the symmetry axis of the molecule. The bond 
angle is 92° 20’ and the H—S distance 1.345A. 





I. INTRODUCTION 


REVIOUS work on the infrared absorption 

of hydrogen sulfide has been confined to the 
thermocouple region, and has not as yet yielded 
data capable of complete rotational analysis.'~* 
A brief summary of the vibrational spectrum is 
given here which is essentially that suggested by 
Mecke.® 








Com- Fre- Com- Fre- 
bina- quency’ Refer- bina- quency Refer- 
tion (cm™) ence tion (em™) ence 
vs 1260 1 Vet ¥% 3790 


Ve 2615 ‘ 
Ve 2630 a, 8 


Vet Ve 5130 3 
Vet 3re 9911 7, 8.9 
Suet vs 10100 7.8 9 











It is proposed to describe here the details of 
the rotational analysis of the band designated 
above as v,+3v,, of which a preliminary report 
has recently been given.’ 


* National Research Fellow in Chemistry. 

t No. 440. 

1A. H. Rollefson, Phys. Rev. 34, 604 (1929). 

*H. H. Nielsen and E. F. Barker, Phys. Rev. 37, 727 
(1931). 

7A. D. Sprague and H. H. Nielsen, Phys. Rev. 43, 375 
(1933). 

*W. Mischke, Zeits. f. Physik 67, 106 (1931). These 
results are falsified by impurities. 

*R. Mecke, Zeits. f. physik. Chemie B16, 431 (1932). 

*K. W. F. Kohlrausch, Phys. Zeits. 33, 165 (1932). 

7P. C. Cross, Phys. Rev. 46, 536 (1934). Note that 
3v¢+¥- = 11,000 cm is incorrect. 

*W. Weizel, Zeits. f. Physik 88, 214 (1934). The inten- 
sities of the vibrational combinations of water type mole- 
cules are discussed. The results are that the parallel type 
of bands are very weak in comparison to the perpendicular 
type. The electric moment een along the axis per- 
pendicular to the symmetry axis of the molecule only for 
combinations containing an odd multiple of »,. Combina- 
tions with 1», are stronger than those with 3»,,* hence the 
identification given here. 

*R. Mecke, ef ai., Zeits. f. Physik 81, 313, 445, 465 
(1933). Much of the discussion in connection with this 
analysis of the water spectrum is equally applicable to the 
hydrogen sulfide spectrum. 


~I 


Il. EXPERIMENTAL 


Photographs of this band were taken in the 
first order spectrum of a 21-foot grating having 
15,000 lines to the inch. The dispersion was 
approximately 2.5A per mm. Eastman type 10 
infrared plates, supersensitized in 4 percent 
ammonia were used. The absorption cell con- 
sisted of five sections of polished stainless steel 
one inch in diameter, and a brass section with 
valves for filling. The total length of the cell was 
about 71 feet. The source of light was a 32-32 
candle power double filament Mazda automobile 
headlight, burned at 16 volts with the filaments 
in series. A very short focus lens was mounted on 
the end of the absofption cell and the source 
adjusted to give a maximum intensity at the slit 
as determined by a photronic cell. 

Due to the weakness of the absorption it was 
necessary to take a large number of photographs 
under various conditions of pressure and ex- 
posure. Of these, 14 were selected for detailed 
measurements. In some instances contact prints 
were used for measuring. Everything that had 
any possibility of representing an absorption line 
was recorded and the results from the 14 plates 
arranged in series. Real lines were then readily 
identified by the near coincidence of measure- 
ments on several different plates, and the wave 
numbers were calculated from the mean positions 
of the groups. The first column of Table III 
shows the results and includes lines that were 
observed on at least three plates. 

Most of the useful plates were taken with the 
pressure of hydrogen sulfide at three-quarters of 
an atmosphere. At pressures of over one and a 
half atmospheres the lines were so broad that 











8 PAUL C 


there was no advantage over the weaker but 
sharper lines. The well-defined lines appeared 
to the eye to be about 0.4A in breadth on the 
average plate used for measurement. 


III. PrepicTteED STRUCTURE FROM OTHER 
CONSIDERATIONS 


The interpretation of a complex spectrum is 
greatly facilitated by a knowledge of the approx- 
imate value of the molecular constants which 
determine the spectrum. Such a knowledge may 
now be obtained from certain principles of 
theoretical and empirical origin. The additivity 
of atomic radii in covalent bonds gives an esti- 
mate of 1.33A for the H-S separation in H:S."” 
The theory of directed valence and qualitative 
considerations similar to those used by Van Vleck 
and Cross" in a treatment of the HO molecule 
lead to an estimate of the bond angle as about 
95°. This structure requires that the axis of least 
inertia be perpendicular to the symmetry axis of 
the molecule. 

A second estimate of the H—S separation may 
be made by assuming that the Badger relation” 
between force constant and interatomic distance 
may be extended to polyatomic molecules. The 
value of »,° for H2S may be estimated as about 
2700 cm, and k; obtained from the linear 
factor, 42°c?(v,°)? (a;;—@12) —kit+ki2=0, of the 
Eqs. (11) of reference 11, assuming kij2.=0 and 
by using appropriate approximate values of a), 
and @;. k; is found to be about 4.2 «10° dynes 
cm™', corresponding to an H-S separation of 
about 1.35A. Uses of these estimates will be 
mentioned later. 


IV. THe Ricimp RorTator 


The theory of the rigid rotator has been thor- 
oughly discussed in the literature, so reference 
will be made only to the review article by Den- 
nison'* and the treatise by Casimir™ for the 
details of the results and further references. 

The energies are obtained from the equations 


TL. Pauling, Proc. Nat. Acad: Sci. 18, 293 (1932). 

uJ. H. Van Vieck and P. C. Cross, J. Chem. Phys. 1, 
357 (1933). 

®@ R. M. Badger, J. Chem. Phys. 2, 128 (1934). 

43D. M. Dennison, Rev. Mod. Phys. 3, 280 (1931). 

“H. B. G. Casimir, Rotation of a Rigid Body in Quantum 
Mechanics, J. B. Wolters, The Hague (1931). 





CROSS 


E(cm~) = }(A+B)j(j+1) 
+[C-—}(A+B)]W.,, (1) 


A=h/8x'cI,4, B=h/8r*cIp, C=h/82'*cIe, (2) 


ec= (B—A)/4—C—}4(A+B) ]= —}), 
(Wang"), (3) 


where J4, Js, and J¢ are the three principal 
moments of inertia (J4<Jg<Jc) and the W.. 
are the roots of the secular determinant given 
by Wang.'® Eqs. (1) and (3) are based on a 
choice of the C axis as the unique axis of the 
limiting symmetric rotator ec=0 (J4=J,). In 
some instances it is more convenient to choose 
the A axis as the unique axis in the limiting case, 
and the energies are obtained by interchanging 
A and C throughout Eqs. (1) and (3). The 
constants of HS are such that we shall always 
employ the former choice, and we shall drop the 
subscript of e for the remainder of the discussion. 

The symmetries of the levels and the selection 
rules are easily obtained from the simple rules 
formulated by Dennison." Levels having the 
symmetries +— and —+ are antisymmetric 
with respect to a rotation of + about the B axis 
(i.e., an interchange of the hydrogen atoms) and 
hence have statistical weights three times those 
of analogous symmetric levels ++ and —-—. 
Transitions originating in antisymmetric levels 
thus tend to average about three times as intense 
as those originating in symmetric levels. 

For the band in question the electric moment 
oscillates perpendicular to the symmetry axis of 
the molecule, along the A axis.’ The selection 
rules are + —-+— — and —+->++-+-. For prac- 
tical purposes, one need consider only the transi- 
tions which also satisfy the selection rules of the 
limiting symmetrical rotator.® 


V. APPROXIMATE VALUES OF C AND C’ * 


An investigation of the intensities for a hypo- 
thetical symmetrical H.S rotator with r=1.35A 
(I4=Ip; 0=88° 16’) shows the most intense 
lines in the spectrum to be j;==(j+1)j+: in the 
symmetric rotator notation. For the actual 


1S. C. Wang, Phys. Rev. 34, 247 (1929 
4% The structural constants for the excited vibrational 
state are designated by the primes. 
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molecule, provided @ is not too different from 
88° 16’, the degeneracy of these levels will not be 
effectively removed for moderate j values, and 
the intensities should approximate closely those 
for the hypothetical symmetric rotator."’ The 
strongest lines will be the unresolved doublets 


j i -G+1)~- Gay 
J-~G 1) =(j+1)_; 


in the asymmetrical rotator notation. In the 
following paragraph the notation j* will be used 
to designate the nearly coincident pair of energy 
levels j_; and j_«;-1). The energies are given 

approximately by the equation 
(B—A)e j(2j—1) 
Ej*= CP? +4(A+B)j+———-:———_.._ (4) 

4 j-1 

The outstanding feature of the band is the 
series of strong lines of rapidly converging para- 
bolic spacing which extends throughout the band 
except for some missing members near the center. 
These may be identified as specific transitions of 
the type j*==(j+1)* after a choice of the position 
of the center of the band, vo, has been made. 
The difference between the energies of the lines 
corresponding to the transitions j* — (j—1)* and 
j*’ —(j+1)* gives directly the energy difference 
(j+1)*—(j—1)* between two pairs of levels of 
the normal vibrational state. In terms of the 

structural constants this difference is 


E(j+1)*-—EG—1)*=4jC+A+B 


(B—A)e{(j+1)(2j+1) (j—1)(2j-3) 
}-—$ 4 $$$ - —__——_——|.._ (5) 
4 j j-2 


Subtracting the value of this energy difference 
for j=n from that for 7=n+1 gives a value of 
4C. (The contribution of the final term of Eq. (5) 
is found to be negligible for values of (B—A)« 
which seem probable from the considerations of 
Section III.) The constancy of these values of 
4C obtained from different values of » upholds 
the validity of the assumptions that were neces- 
sary. 

~ 7G. H. Dieke and G. B. Kistiakowsky, Phys. Rev. 45, 4 
(1934). This article contains a discussion of the relative 
positions of the energy levels and intensities for nearly 
symmetrical rotators. The formula (J—K-+1)(J—K)/ 


(J+K)(J+XK—1) of the Eqs. (7) should read (J—K+1) 
x (J—K)/8J. (reference 14, p. 53). 


The value of r can be obtained from that of C 
without accurate knowledge of the angle since 


c= 2mr*(M+2m sin*® ¢)/(M+2m) (6) 


is not strongly dependent upon ¢(4//2m= 16). 
The two choices for the position of the band 
center which seem most likely from the inten- 
sities and distribution of lines in the band lead 
to the values 1.35A and 1.39A for r. Again, 
referring to Section III, strong preference is 
found for the value 1.35A. The corresponding 
value of C is 4.73 (cm). By an analogous treat- 
ment the value of C’ is found to be 4.47. These 
values were used with but little variation 
throughout the numerous approximations in the 
determination of the remaining constants of the 


band. 


VI. APPROXIMATE DETERMINATION OF A, B, A’, 
B’ AND p 


The energy levels considered in the preceding 
section are those for which the rotation is chiefly 
about the C axis and are little dependent upon 
the angle. To determine the angle and obtain a 
complete analysis of the band it is necessary to 
consider weaker lines and, in particular, those 
near the band center. The strongest lines arising 
from transitions between levels for which the 
rotation is chiefly about the A and B axes are, 
for the hypothetical symmetrical H,S rotator, 





H(m) 








Fic. 1. H,S rotator. 


those between the two upper levels of a given 
j value. If the molecule were symmetrical 
with 2C=A=B=2C'=A'=B’, these transitions 
would fall into two groups displaced from the 
band center by C wave numbers on either side. 
The asymmetry, however, causes the transitions 
for higher 7 values to approach the-center, as 
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shown in the charts of Dennison."* The difference 
in the moments of inertia of the normal and 
excited states causes a shift toward the low 
frequency side which may be roughly approxi- 
mated by 2j(j+1)(C—C’). These simple con- 
siderations enabled the recognition of the transi- 
tions between the two upper levels of a given j 
state which originated in antisymmetric levels. 
From this point the procedure was largely one 
of trial and error to determine values of the 
constants which would fit the already identified 
lines and enable identification of additional ones. 
Considerable use was made of the differentials 
derived in the following section. 


VII. DEPENDENCE OF ENERGY LEVELS ON THE 
INDIVIDUAL CONSTANTS 


After the identification of the majority of the 
lines was obtained, and values of the constants 
determined which gave the positions within a 








CROSS 


wave number of two, the rotational energies up 
to j=8 were calculated for both vibrational 
states. A simple method of solving the factors 
of the Wang equation by numerical approxima- 
tion to the desired accuracy greatly reduced the 
labor involved in these calculations.” 

The problem thus became one of adjusting 
these levels in accordance with the theory to 
give the best fit to the observed spectrum. Let 


a= 0E/dA=}j(j+1)-—3W. 
+3(B—C)[C—}(A+B) }'(dW,/de), 

B= dE/dB=}j(j+1)—-3W. 
+3(C—A)[C—3(A+B) }“(dW./de), 

y= 0E/aC=W,.+}(A—B) 
x[C-—3(A+B)]}"\(dW./de). (9) 


~! 
_— 


8) 


The values of dW,/de were calculated by the 
approximate formulas 


dW. j;)/de=4eJ7/LW.j;) — WC -4) ]), 
dW jj-1)/de= — Jot 2¢J2/W.(jj-1) - W.(ji-s) J, 
dW jj-2)/de= Jot+2eJ2?/[W.(jj-2) — W.(jj-) ], 








(10) 


dW. jj~-3)/de= 2¢J3?/( W.( jj-s) — W(5j-2) J, 
dW.(j;-s)/de=4eJ2/[ We jj-4) — We j,) +20 2/ Weis) — We i-8)], 
dW. jie) /de= 2eT*ye-1/[ Wel jie) — We Giana) J+ 2€S2p0n1/[ We j;—2) — Wel jie) ]. 


x(even) >4. If « is odd, substitute }(x+1) for 
4x in the subscripts of the J’s. 


J2=(G-—x)G—x4+1)G4+2)G+24+1) }. 
If we use the small letters a, b and ¢ to denote 
increments in A, B and C, respectively, the incre- 


ment in the energies of the various levels for small 
changes in A, B and C will be 

AE=aa+8b+ yc. (11) 
Further discussion of the use of these formulas 


will be postponed until after the discussion of the 
effect of the non-rigidity of the molecule. 


VIII. CorrREcTION FOR THE ROTATIONAL DtIs- 
TORTION OF THE MOLECULE 

The centrifugal force of rotation will alter both 

rand @. To determine the approximate magnitude 


18 Fig. 19 of reference 13. 





of the energy change due to these distortions it 
will be assumed that the molecule is rotating as 
would a classical rotator having the same 
values of a, 8 and y.” a, 8 and y may be con- 
sidered as representing the square of the com- 
ponent of the angular momentum along the A, 
B and C axes, respectively (a+8+y=j(j+1)< 
square of the total angular momentum). Thus the 
energy may be divided into three components 
representing the energy of rotation about the 
three principle axes. 


E=aA+8B+yC. (12) 


Since the center of gravity is so near the S atom, 


1 The author is indebted to Professor Badger for sug- 
gesting this procedure. 

ad This may be partially justified by considering that the 
distortion will be important for only large values of the 
quantum number, where the results of classical theory are 
more likely to be good approximations 
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we may further simplify the treatment by assum- 
ing that the rotation takes place about the S 
atom. 

The centrifugal force on each H atom due to 
rotation about the A, B and C axes, respectively, 
is 


fa=aA/rcos ¢, fg=B8B/rsin ¢, fe=yC/r. (13) 


Resolving these forces into components | and 
1 to the direction of the H—S bond gives 


f.=aA cos ¢/r cos ¢+ 8B sin ¢/r sin ¢ 


+y7C/r=E/r. (14) 
fi=—aA sin ¢/r cos ¢+8B cos ¢/r sin @ 
=(—aA tan ¢+ 8B cot ¢)/r. (15) 


These forces must be in equilibrium with the 
restoring forces of the distorted molecule, which 
may be approximated by the “valence” force 
system. Thus 


E/r=k,(Ar) (16) 

(—aA tan ¢+8B cot $)/r=k3r(A8@), (17) 

and Ar=E/kir, (18) 
Aé=(—aA tan ¢+8B cot 6)/ksr’. (19) 


The change in the kinetic energy due to each of 
these displacements may be readily obtained.* 


AE yin. = [adA dr+ BdB/dr+~yacC/ dar \(Ar) 
+[adA/d0+80B/d0)(40) (20) 


—2F* /kir?’—(aA tan @ 
— BB cot )*/ksr*. (21) 
The change in the potential energy is 


AE vot. = 2 X $ki (Ar)? + hhksr*( 48)? i 
(22) 


= F?/kir?+(aA tan ¢— 8B cot ¢)*/2ksr’. 


Hence the total change in energy due to rota- 
tional distortion is 


AE=[ —E*/kir’—(a@A tan ¢ 
— BB cot $)*/2ksr? ]X1.963X10-". (23) 


“1 The derivatives of A, B and C with respect to r and @ 


are calculated for the assumed rotation about the S atom. 


The factor Ac=1.963X10-" is introduced to 
reduce the dimensions to cm™. 


IX. DETERMINATIONS OF MOLECULAR COoNn- 
STANTS BY LEAST SQUARES 


In applying the results of the two preceding 
sections to the vy, +3», band of H,S the following 
procedure was used. Since the distortion cor- 
rections are small, it was assumed that they 
could be calculated from the approximate values 
of the molecular constants which were obtained 
as described in Section VI. The correction due 
to the change in r was applied numerically, with 
the value of 2; given in Section III. Inasmuch as 
there has been some controversy? over the 
existence of the »; band measured by Rollefson,' 
the value of k; was introduced as a constant to be 
determined. 

The energy of the line j’,.—j, from our nearly 
correct values of molecular constants is (cor- 
rected for stretching of r by rotation) 


Eestce.= vot E(j' +) —E je). (24) 


By knowing the dependence of the energy levels 
upon the individual molecular constants and the 
correction for angular distortion in terms of ,, 
it is possible to form an equation which must be 
satisfied in order to bring E..).. into coincidence 
with | 


Avot+a‘a’+ 8'b'+7'c’ —aa— Bb—-+ye 

+{|(aA tan ¢—£8B cot ¢)*/2r 

—(a’A’ tan ¢’— B’B’ cot ¢’)*/2r} (hce/ks) 

= Ews. — Ecaie.: (25) 

Seventy-eight equations of the type of Eq. (25) 
were formed involving energy levels up to j= 8. 
In some instances two or more transitions were 
correlated with a single observed line. These 
equations were then solved by least squares to 


obtain the best values of the increments in vo, 
A’, B’, C’, A, B, C and a value of ks 


X. RESULTs 


The value of k; was found to be (4.7+1.0) x 10° 
dynes cm~'. The corresponding value of »;° may 
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be approximated from the equation 


22*c?m( M +m) (»,°)? —(M+2m)k3=0; 
vys’= 12804140 cm. (26) 


This value is in excellent agreement with the 
value estimated from Rollefson’s measurements. 
It should be pointed out, however, that the 
agreement is in a certain measure fortuitous, as 
is seen by the large probable error. This cal- 
culation cannot be expected to be very accurate 
because of the smallness of the distortional effect. 
That it is even of the proper order of magnitude 
gives some encouragement. 

The value of vo, the position of the center of 
the band (v,+3», of HS), was found to be 
9911.05+0.03 cm“. 

In Table I there is given for j=3 and j=6, 
the energies of a rigid rotator having the molec- 
ular constants which were used for the normal 
vibrational state of H,S in the final approxi- 
mation, the corresponding values of a, 8, y and 
the corrections to the energy due to the distortion 
in r and @. Due to the use of approximate for- 
mulas, the errors in a, 8 and y may be as large 
as 2 percent. Errors in the correction E(A@) are 
possibly as large as 25 percent. Table II gives the 
rotational energies as finally determined by the 
least squares solution for the increments in the 
molecular constants and corrected for rotational 
distortion. The symmetries of the levels are also 


included. 


TABLE I, Energy of rigid rotator. 
(A = 10.38, B=8.97, C=4.726 








Level E a 8 , E(ar — (a8) 
33 117.51 7.7 4.0 0.3 0.03 0.03 
32 115.55 &.7 2.3 1.0 0.03 0.07 
3y 107.13 2.8 8.2 1.0 0.03 0.02 
de 96.30 4.0 4.0 4.0 0.02 0.00 
. a 94.90 2.3 6.0 3.7 0.02 0.01 
3.2 71.39 1.3 1.8 9.0 0.61 0.00 
3.3 71.35 1.3 1.8 9.0 0.01 0.00 
Oe 419.57 33.9 6.9 1.2 0.44 1.09 
Os 419.35 4.9 5.5 1.6 0.44 1.2 
O« 392.56 16.7 23.5 i.8 0.38 0.00 
Os 388.74 21.8 15.8 44 0.38 0.12 
Oe 375.71 9.6 29.0 3.4 0.35 0.24 
Oo: 359.71 13.9 19.5 8.6 0.32 0.00 
Oe 356.89 11.2 22.4 8.4 0.31 0.06 
6.1 325.31 10.6 15.7 15.7 0.26 0.01 
La 325.12 10.0 16.5 15.5 0.26 0.01 
Os 281.59 7.1 10.1 24.8 0.20 0.00 
6.4 281.58 7.1 10.1 24.8 0.20 0.00 
Ou 227.85 2.6 3.5 35.9 0.13 0.00 
6. 227.85 2.6 3.5 35.9 0.13 0.00 
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TABLE II. Rotation energy and symmetry. 





Rotational 


Rotational | 
Energy (cm~') 


Energy (cm™' 











Ex Ex- 

Sym- Normal cited Sym- Normal citec 

Level metry state state Level metry state state 
Oe + + 0.00 0.00 oe 528.26 498 04 
‘ $25.55 496.16 
1) + — 19.36 18.22 " +- 506.59 474.20 
he -— 15.11 14.36 | 494.40 464.87 
dis + 13.72 12.81 | 488.29 456.52 


459.42 431.67 


° 


a EE a rg sr sw ne 


2s + + $8.37 55.04 458.71 430.49 
2; -+ 55.20 52.33 415.98 391.25 
20 -- 51.06 47.71 ; + 415.96 391.20 
25 + 38.29 36.12 ‘ ++ 362.52 341.51 
4 ++ 38.01 35.74 | " +— 362.52 341.51 
| 4 - 299.06 282.33 
3 + 117.48 111.04 | + 299.06 282.33 
32 - 115.44 109.23 | 
3; — + 107.24 100.32 | &s« + + 719.67 683.85 
eo ++ 96.36 90.77 8 718.92 683.19 
; 95.00 89.00 | & 684.77 646.68 
; 71.46 67.38 | 8 682.59 644.96 
3 71.42 67.32 8. ++ 657.10 616.05 
8; 648.35 610.06 
44 ++ 197.08 186.66 8 637.49 595.71 
4) + 195.92 185.84 8, +— 612.33 575.20 
4 182.56 171.02 | Be . 610.42 572.00 
4; + 173.98 163.91 | B.4 + $69.11 534.88 
4o ++ 170.27 159.23 | 8 - 568.95 534.62 
4.1 — + 148.41 139.63 | 8,5 -— 516.03 485.53 
4s 148.14 139.21 | Bs + 516.03 485.52 
4.5 + 114.18 107.70 | 8 + 452.77 426.67 
44 ++ 114.18 107.69 | Bs 452.77 426.67 
8_; + — 379.53 358.38 
5 + 297.29 281.96 8s + 379.53 358.38 
54 - 296.66 281.53 
5; 277.49 260.46 9s +4 688.29 647.11 
Ss ++ 271.30 255.74 | Qs : 688.29 647.11 
5 + 263.73 246.50 | 9.4 625.36 588.6% 
Se 244.48 229. B88 | Os 625.36 588.68 
S45 + 243.4 228.33 0 ~« 552.38 520.69 
5 + 210.30 197.93 9 552.38 520.69 
3—8 + 210.26 197.85 9_s - 469.39 443.31 
4 166.37 156.99 9» + 469.39 443.31 
5 + 166.37 156.99 
10 = 744.11 700.72 
Oe 417.96 396.78 10_« + 744.11 700.72 
6 + 417.52 396.47 10 _- 661.38 623.61 
64 ——— 392.57 369.33 10_* _ 661.38 623.61 
6; + 388.46 366.44 10_4 4 568.67 $37.16 
62 + + 375.68 351.26 10_te -+ 568.67 537.16 
6 359.65 338.22 
Oe 356.96 334.17 lis ++ 779.70 735.38 
6 325.39 305.93 lis + 779.70 735.38 
6 + 325.22 305.59 lise 677.31 639.83 
6 — +} 281.70 265.25 Jia =- 677.31 639.83 
6.4 281.69 265.25 
6 227.99 215.20 12» — + 907.46 856.00 
6. 227.99 215.20 1210 — 907.46 856.00 
7 558.89 530.97 12-11 + — 795.33 751.39 
76 — 558.37 530.47 12 + + 795.33 751.39 


Table III gives the positions of the observed 
lines in comparison with the spectrum calculated 
from the rotational term values of Table II and 
the above value of vo. The calculated positions 
of a number of unobserved lines which should 
first be observed on increasing the path of ab- 
sorbing H,S are included. In cases where a transi- 
tion is between unresolved doublets, only the 
strong component is specifically designated. The 
strong components are those having odd + values 
in the normal state. (Transitions are written in 
the customary form of excited state—normal 
state.) The column headed 7 gives an approxi- 
mate intensity which is a composite of estimated 
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TABLE III. Transition values, calculated and observed. 











Ob- Calcu Aj=+1 Aj=0 or Calcu- 4j=+1 Aj =-0 
served lated Trans Trans- served lated Trans- Trans- 
m ] m itions itions cm) I (cm™~') itions itions 
9987.46 7:—63 02.66 6: —61 
87.35 1218 —1ls» 01.77 4 01.79 44-45 
9987.09 2 86.96 B.s—-7_1 9899 89 2 9899.81 4a—4 
85.96 1 86.41 10_4—9_+ 97.25 3 97.33 Oe ~ Lis 
85.13 12.1 il 95.47 4 95.29 54 —Ss 
85.01 4 85.05 li.s— 10.7 94.59 1 94.58 to — 3, 
84.82 6: —5: 94.01 2 
83.70 9 «—B8_s 92.61 2 92.40 41-4: 
83.44 4 83.09 64—Ss 91.92 64 —6: 
83.07 7o—61 91.34 | 91.59 2-2-2: 
g2.25 < 82.28 10_.-—9_» 90 43 2 90.31 Oe — 6s 
am 82.21 1110 —10_» 88.78 1 89.30 Se—Se 
81.33 2 81.49 60 —5; 87.03 1 87.12 le ~ 2-14 
80.30 4 80.61 & 4—-7_3s 85.88 1 RS.85 lies 
* = 78.97 9 . 83.30 1 83.43 ts ty 
78.86 5 78.82 10_1e —9_2 a? 2? , 82.63 7e—71 
76.57 1 76.91 72-61 — 82.01 3s—3e 
74.93 . 75.20 S&s-—7_+s 80.09 2 80.41 4.41 -4 
74.83 9_«—8_1 78.90 1 78.95 7e~7s 
73.30 ; 73.17 62-51 76.72 : 77.20 Se—5: 
71.93 1 72.50 61-5 tact 76.28 4.c—4, 
: 70.87 5: —4; o = 75.71 21-34 
70.73 , 70.26 74—6_3 5.47 ‘ 75.37 2.s-35 
70.45 5 70.37 8.s-—7_: 74.28 1 74.36 te —4s 
67.42 1 66.95 Se —4 73.47 i 
65.94 4 66.04 64-5 5 72.22 1 
65.40 5 65.39 74-6 70.37 i 70.33 44-421 
64 59 42 —3Be 69.36 1 69.33 7a—7s 
62.96 1 63.04 4o 3; 65.38 2 65.51 S $_5 
60.76 $_s—4 ¢ 64.25 32-425 
60.46 4 60.57 S neta 64.18 ‘ 64.19 32-44 
59.87 5 59.88 6.4-5_s 63.76 2e— 3-1 
$5.54 4 55.26 wen e 58.63 1 58.85 23-3: 
54.63 1 $4.32 4.1—3e 57.78 i 57.78 S.4—Ss 
53.88 5 53.86 5 nani _« 56.99 6.2 —6; 
$2.11 1 52.37 22-1 56.76 Go —6s 
$8.31 64-6 $3.38 ; 53.41 bo ~ 44 
» . 47.32 441-3 4 $2.40 4 $2.37 44-55 
47.30 47.29 4 2 ye R $1.91 3.142 
46.62 do —2: : . 50.91 64-6 
42.62 1 42.61 5 46.41 2 46.30 3241 
40.36 3 2s 44.79 6: — Os 
40.07 4 40.1 3 : 2 : 44,70 2 44.55 6.4-6.4 
39.78 7 7 43.80 i 43.59 797.3 
39.40 2 41.28 2e—3s 
36.08 bance 41.19 41.10 35 —4e 
: 34.94 6 6.5 40.38 41-54 
34.89 I 34.93 ——_ 40.08 5 { 40.05 S_s—6.5 
33.31 2 220 2 1 40.00 4 Ss 
32.01 1 32.06 2.1—Ie 7 04 27.28 516-5 
30.67 5 5 — 27.19 64-7 
30.41 i 30.40 a onl 26.81 4o~Si1 
78.85 5a m¥ 20.04 1 20.22 44-55 
5 24 25.37 2 2 18.19 18.44 4: 5; 
. 25.28 $33 15.40 15.54 Se —6 
23.86 1 Oo P 13.85 74-8 
23.14 23.32 —_ 13.90 . 13.78 6.=1 
21.84 21.87 4e —4 06.96 07.14 $:—6; 
20.48 20.47 2 2 04.12 540s 
19.83 6e —6 02.32 Z 
14.20 i 14.16 i le 01.10 3 00.68 64-74 
12.18 I 9800.00 ; 9800.04 519.0 
10.87 4 0.29 2 ? 9799.79 1.4 ~ Bu 
08.02 2 08.09 4 4 9791.53 l 
06.72 1 06.65 ; ; 86.45 . 86.51 Ge —7_4 
06.07 06.05 1 ~ , 86.27 7.a~Bs 
05.01 2 2 > > 85.69 9.41 Ww 
04.44 ane . 85.34 84-91 
02.99 4 02.80 3 3 79.04 1 


intensities and the number of times the lines were 
observed. Because of the extreme weakness of the 
absorption the accuracy of these estimates is 
very low. The probable error in the positions of 
the lines varies from about 0.03 cm™ for the best 
lines to about 0.15 cm™ for the poorest. Seven 
lines are reported for which no transitions can be 
assigned. These need not cause any concern over 
the validity of the analysis since they are all 


weak and the method of measuring would readily 
admit a few spurious lines. 

The mean deviation of the calculated values 
from the observed is about 0.13 cm. That so 
many of the deviations are of larger magnitude 
than the probable error of the experimental 
measurements is probably due to the failure of 
the theory, and may be anticipated from some 
of the assumptions which are necessary in order 
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to set up the theoretical treatment in a form 
capable of solution. It should be mentioned that 
there are deviations of the same order of mag- 
nitude in Mecke’s results for the water spectrum, 
but they are not so evident because Mecke's 
term values are experimental, and comparison 
with theory requires a calculation of the term 
values from the molecular constants which 
Mecke obtained from sum rules. 

A summary of the results of the determination 
of the molecular constants will be found in 


Table IV. 


TABLE IV. Constants of H,S molecule. 








Normal State Excited State 





9.883 +0.005 cm™~! 





10.373 +0.005 cm™' 


A 
B 8.991 +0.004 8.340 +0.004 
Cc 4.732 +0.003 4.474 +0.003 
lA 2.667 X 10~* g cm? 2.799 x 10- g cm? 
Ip 3.076 3.317 
le 5.845 6.182 
Bond angle 92° 20° 93° 10° 
H—S distance 1.383A 


1.345A 
volte +3r_e) = 9911.05 40.03 cm™ 











XI. StrRucTURE OF THE H,S MOLECULE 


It will be observed from the “effective” 
moments of inertia that J4+J/,#IJ¢, which is 
also true for H,O. This is not compatible with 
any planar structure, so Mecke's example will be 
followed and r and @ calculated from the equa- 
tions 


r=[(M+2m)I¢/2m(M+2m sin® ¢) }!. 
@=2 tan [MIx, (M+2m)I« }}. 


(27) 
(28) 
The results are given in Table IV. 

It has been supposed for some time that the 


angle in the H,S molecule was about 90° since 
this angle was given by Kohlrausch® from an 





CROSS 


interpretation of the Raman spectrum. It was 
purely fortuitous that Kohlrausch’s result was 
so nearly correct, as can readily be seen by 
applying the same’ reasoning to the water 
molecule. Cross and Van Vleck” have discussed 
reasons why structures cannot be determined 
from the vibrational frequencies when the central 
mass is much larger than the attached masses. 
Furthermore, when the attached masses are very 
small, the amplitudes will be large and the an- 
harmonic factors so large that the mechanical 
frequencies (i.e., the frequencies corresponding 
to infinitesimal amplitude) may be quite different 
from the observed fundamentals.** Calculations 
of structures using the observed frequencies 
instead of the mechanical frequencies would in 
such cases be meaningless. 

In using structures given with the precision of 
those in Table IV, it must be borne in mind that 
they are only “effective” structures for the par- 
ticular type of experiment used in their deter- 
n nation. For a molecule such as H.S the atoms 
are vibrating over paths which admit displace- 
ments of the interatomic distances of as much as 
a tenth of the equilibrium values. The particular 
path of vibration depends to a certain extent on 
the rotational state of the molecule. The instan- 
taneous structure may vary widely from these 
effective structures, especially in excited vibra- 
tional states, where the atoms spend more time 
near the extremes of their vibration paths. 

In conclusion the author wishes to acknowledge 
the kind cooperation and the helpful suggestions 
given by Professor R. M. Badger during the 
progress of this work. 

2 P. C. Cross and J. H. Van Vleck, J. Chem. Phys. 1, 


350 (1933). 


*L.G. Bonner, Phys. Rev. 46, 458 (1934). 
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Theories of the Spectral Selective Photoelectric Effect 


CLARENCE ZENER, H. H. Wills Physics Laboratory, Bristol, England, and The Institute for Advanced Study, Princeton 
(Received October 18, 1934) 


Clean alkali surfaces emit less than one photoelectron 
for every 10,000 incident light quanta in the visible 
spectrum. A monomolecular layer of gas can greatly 
increase this yield. In this paper it is shown that mecha- 
nisms in which the metal electrons directly absorb the light 
can never give high efficiencies. A process is discussed in 


which alkali atoms outside the gas layer absorb light, their 
excitation energy then being transferred to the metal 
electrons. This process is shown capable of giving an 
efficiency comparable with the highest which has been 
observed. 





HE photoelectric efficiency of a metal 

frequently has a maximum in the visible 
spectrum, i.e., the efficiency is spectral selective. 
The interpretation of this maximum has been 
the basis of considerable speculation. The models 
of three different theories are represented sche- 
matically in Figs. 1-3. The purpose of the present 
letter is to discuss the relative efficiency of these 
models. We conclude that the highest observed 
efficiency can be obtained only with the third 
model. 

In the first theory the wall of the Sommerfeld 
free electron gas model acts as the third body 
which is necessary for the simultaneous conser- 
vation of energy and of momentum. The photo- 
electric yield of such a model has been the 
subject of numerous calculations. The result 
pertinent to our discussion is that the efficiency 
at the peak is not greater than 210~ (the 
efficiency is the reciprocal of the number of 
incident photons required for the ejection of one 
photoelectron). Although cases of such low 
efficiency have been observed, the efficiency at 
the peak may in certain cases be as high as 0.05." 

Campbell’ has proposed that the most efficient 
surfaces are obtained when an alkali metal is 
covered first by a monomolecular layer of electro- 
negative gas, then by a monatomic layer of 
alkali atoms. Fowler‘ suggested that the po- 
tential of such a surface, Fig. 2, would be such 


1 A comprehensive review of the spectral selective effect 
is given by R. Suhrmann, Ergebnisse der Exakten Natur- 
wissenschaften 13, 148-223 (1934). 

2G. Wentzel, Sommerfeld- Festschrift, 79 (1928). 

H. Frélich, Ann, d. Physik 7, 109 (1930). 
1. Tamm and S. Schubin, Zeits. f. Physik 68, 97 (1931). 
K. Mitchell, Proc. Roy. Soc. Al46, 442 (1934). 

3N. R. Campbell, Photoelectric Cells and Their A pplica- 
tions (London), p. 10, 1930. 

*R. H. Fowler, Proc. Roy. Soc. Al28, 123 (1930). 


as to allow the transmission of electrons having 
a normal velocity only within certain bands. 
The wide acceptance of this theory is surprising 
in view of the simplicity of the argument that 
may be advanced against it. Now when the 
selective effect is absent, as is apparently the 
case for clean surfaces,’ the photoelectric efh- 
ciency is exceedingly low in the visible region, 





occupied 
levels 






Fic. 1. Free electron model. The surface wall acts as the 
third body in the absorption of light quanta. 





ges alkal: 
Meta atom atom 


Fic. 2. Velocity filter model. Only electrons whose 
normal velocities lie within certain bands may escape from 
the metal. 
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Fic. 3. Bound surface electron model. Electrons bound 
to the surface absorb the light, and then transfer their 
energy of excitation to metal electrons. 


* Hughes and Dubridge, Photoelectric Phenomena, p. 160, 
1932. 
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of the order of 10~*.' This low efficiency is due 
to the small number of electrons striking the 
surface with sufficient energy to escape, and is 
not due to a small reflection coefficient. This 
conclusion is reached upon observing that in the 
equation for the thermionic current 


I=120(1—r) T*e-*'** amperes cm™, 


the reflection coefficient r of clean surfaces is 
found experimentally to be of the order of }.° 
A velocity filter at the surface can thus only 
lower the photoelectric efficiency on both sides 
of a band. The efficiency at a peak in the visible 
spectrum would thus be of the order of 10~°. 

The idea has been advanced, particularly by 
Suhrmann,' that the light is absorbed by atoms 
isolated from the main body of the metal. A 
model for a monatomic layer of such atoms is 
schematized in Fig. 3. The constancy of the 
potential in the plane of the surface is the 
representation of the idea that the monatomic 
alkali layer forms a two dimensional alkali metal. 
For in the visible and near ultraviolet we know 
that the essential optical properties of the alkali 
metals may be obtained with a constant po- 
tential.’ The nearly parabolic form of the valley 
insures us that the oscillator strength (f value) 
for the transition from the normal to the first 
excited state will be nearly unity. We assume 
essentially that the binding of an alkali atom to 
the surface does not appreciably affect its 
oscillator strength from the normal state to that 
resonance level corresponding to a vibration 
normal to the surface. 

The process of photoelectric emission according 
to this model is the following. A surface electron 
absorbs a light quantum, thus being excited to 
the resonance level. The excitation energy is next 
transferred to an electron in the metal, which 
then escapes from the metal. We shall now 
calculate the efficiency of this model. 

Let f, Av, A be the oscillator strength, line 
breadth, and effective cross section at the center 
of an absorption line, respectively, for a transi- 


*R. H. Fowler, Statistical Mechanics (Cambridge), p. 
268, 1929. 
*C. Zener, Nature 132, 968 (1933). 


tion of a single electron. Then 
AAv= (4e?/mc)f =0.034f. 


Taking the line breadth to be such that hAv=1 
electron volt (approximately the breadth of the 
selective effect) and setting f=1, we obtain the 
effective cross section at center of line to be 
0.14 10-" cm?*. Hence a surface layer of 7 x 10" 
electrons cm=* may have an absorption line 1 
electron volt broad with a maximum absorption 
efficiency of 0.1. Hence this third model can 
give an efficiency as high as has been observed. 

The spectral selective effect is dependent upon 
the state of polarization of the incident light. 
For optically smooth surfaces no spectral selec- 
tive effect is observed when the light is so 
polarized that the electric vector is parallel to 
the surface.* Irrespective of the model used, we 
must expect from optical considerations’ that 
light so polarized will be less effective than light 
polarized so that the electric vector is in the 
plane of incidence. As the angle of incidence 
approaches 90°, the ratio of the square of the 
electric vector normal to the surface, for the 
second type of polarization, to the square of the 
electric vector (parallel to the surface) in the 
first type of polarization, is /n*| just at the 
surface of the metal, where n is the complex 
refractive index of the metal.’® In the visible 
region, this ratio is of the order of 100 for Pt, 
and of the order of 5 for K. This factor is not 
sufficient to explain the difference between the 
effects of the two types of polarized light for 
the highly efficient surfaces with K as a base. 
The model which we use must itself differentiate 
between electric fields normal and parallel to the 
surface. In our model the potential is constant 
along the surface, so that electrons in the outer 
trough behave as if free with respect to electric 
fields parallel to the surface. 

The thesis of this letter was developed by the 
writer while at the H. H. Wills Physics Labora- 
tory, Bristol, England. He wishes to express his 
thanks to its director, Professor A. Tyndall, 
for his generous hospitality. 
~ § Reference 5, p. 143. 


*H. E. Ives, Phys. Rev. 38, 1209 (1931). 
1° M. Born, Optik (Berlin), p. 260, 1933. 
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Transmutations of Sodium by Deutons 


Ernest O. LAWRENCE, Radiation Laboratory, Department of Physics, University of California 
(Received October 27, 1934) 


Under deuton bombardment sodium emits protons, 
neutrons and alpha-particles, and becomes radioactive, 
The radioactive substance, which was shown by chemical 
tests to be radio-sodium, decays with a half-life of 15.5 
hours, emitting electrons with energies up to 1.2 mv, and 
5.540.5 mv gamma-rays. One microampere of 1.7 mv 
deutons bombarding a target of NaCl produces about 
410° radio-sodium atoms per second. The rapid increase 
in yield with voltage predicted by the Gamow formula 
has been found, and with the higher current and voltage 
that soon will be available, the already large yield of 
radio-sodium just stated should be increased more than 
100-fold. Doubtless radio-sodium will find many uses in 
the physical and biological sciences. The number of 


emitted protons equals, within experimental uncertainty, 
the number of radio-sodium atoms created; this supports 
the view that Na™ is the radioactive isotope formed. 
The protons are distributed in ranges up to 4942 cm 
(air at 20°C, 760 mm) with a rather pronounced group in 
the neighborhood of 17 cm. The number of neutrons, 
emitted presumably in a reaction in which Mg™ is formed, 
is of the same order of magnitude as the number of protons. 
The alpha-particles have a range of 6.5+0.3 cm and are 
emitted in a less frequent reaction in which presumably 
Ne*™ is formed. Balance of energy in the reactions leads 
to the following atomic masses: 


Na™, 22.992+0.001; Na™, 24.000+0.003; 
Mg™, 23.993 +0.003. 





INTRODUCTION 


N experiments! of the character of a prelimi- 

nary survey, it was observed that some sub- 
stances under deuton bombardment emit most of 
the known nuclear radiations—protons, alpha- 
particles, electrons, positrons, neutrons, gamma- 
rays—and in addition, become radioactive. 
These preliminary experiments and the more 
detailed work of other laboratories? made it 
clear that nuclear reactions induced by deutons 
are of considerable complexity, and require 
extensive and detailed study. The present paper 
is a report of an experimental investigation of 
some of the reactions of deutons with sodium. 


RADIOACTIVITY 


The experiments* were begun with an investi- 
gation of radioactivity induced in sodium by 
deuton bombardment. For this purpose a beam 


1G. N. Lewis, M. S. Livingston and E. O. Lawrence, 
Phys. Rev. 44, 55 (1933); E.O. Lawrence, M. S. Livingston 
and G. N. Lewis, Phys. Rev. 44, 56 (1933); E. O. Lawrence 
and M. S. Livingston, Phys. Rev. 45, 220 (1934); M. C. 
Henderson, M. S. Livingston and E. O. Lawrence, Phys. 
Rev. 45, 428 (1934). 

?M. L. E. Oliphant, P. Harteck and Lord Rutherford, 
Proc. Roy. Soc. Al44, 692 (1934); J. D. Cockcroft and 
E. T. S. Walton, Proc. Roy. Soc. Al44, 704 (1934); H. R. 
Crane and C. C. Lauritsen, Phys. Rev. 45, 497 °(1934); 
M. A. Tuve and L. R. Hafstad, Phys. Rev. 45, 651 (1934). 

7A preliminary account of some of the results of the 
experiments on radio-sodium is contained in a letter to the 
editor, E. O. Lawrence, Phys. Rev. 46, 746 (1934). 
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of high speed deutons from the larger* of our 
instruments for the acceleration of light ions 
was brought out through an aluminum window 
into the air. This arrangement has some con- 
venient advantages for studying induced radio- 
activity. Throughout the experiments a beam 
of 2.15 mv deutons impinging on the window 
was used. The range of the deutons in the air 
outside was observed, by the blue glow through- 
out their paths, to be 4.7 cm (air at 20°C, 
760 mm). By placing a piece of platinum in the 
path of the beam and observing the range of the 
scattered deutons with a linear amplifier, it was 
found that in addition to the main and quite 
homogeneous group indicated by the glow, there 
was a relatively small number of considerably 
greater range, extending to nearly 9 cm. How- 
ever, the number of these more energetic deutons 
was so small that they undoubtedly played no 
important part in the effects here reported. 

The procedure was to place sodium 5 mm from 
the aluminum window in the deuton beam for a 
given period of time and then to remove the 
sodium (or sodium-containing material) and 
place it near an electroscope where the radiations 
emitted by the radioactive substance in the 
sodium could be studied. 

Although a target having a freshly prepared 


surface of sodium metal was exposed to the 


*E. O. Lawrence and M. S. Livingston, Phys. Rev. 45, 
608 (1934). » 
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deuton beam in order to provide an additional 
confirmation that sodium atoms were responsible 
for the activity observed, in most of the experi- 
ments a target of sodium chloride, in the form 
of a crystal of rocksalt, was used. In the first 
experiments it was found that exposure of the 
rocksalt to a microampere of deutons for a half 
hour produced a very large activity. The ir- 
radiated crystal, placed near the thin aluminum 
window of an ionization chamber of 300 cc 
volume (air at atmospheric pressure), produced 
an amount of ionization in the chamber, as 
indicated by the rate of deflection of the fiber of 
a Lauritsen type electroscope, of the order of 
magnitude of 10° ions per second. In the first 
few minutes after exposure to the deuton beam, 
this activity decreased considerably, but after 
an hour or so the decrease of activity was very 
much less rapid, and after several hours the 
activity decayed exponentially with a half-life 
of about 15 hours. From previous experience? it 
was apparent that the initial short period 
activity was due to radio-oxygen driven onto 
the target from the bombarded nitrogen of the 
surrounding air. In order to eliminate this 
spurious effect, observations of the sodium 
activity were taken always many hours after 
irradiation of the rocksalt, that is, after such a 
long period of time that the short period activity 
was reduced to a negligible amount. 


Decay PERIOD 


In Fig. 1 is shown the variation with time of 
the radioactivity beginning 20 hours after a one 
hour exposure of the rocksalt crystal to a beam 
of 1 microampere of 1.7 mv deutons. The 
activity is plotted logarithmically, and from the 
slope of the straight line a half-life of 15.5+0.5 
hours is obtained. The precision of the measure- 
ments seemingly would warrant setting a smaller 
limit of error than 0.5 hour. However, it was 
found that temperature changes appreciably 
affected the calibration of the electroscope, and 
since the observations extended over many hours 
during which no great precautions were taken 


*M. S. Livingston and E. McMillan (Phys. Rev. 46, 
437 (1934)) have shown that even a platinum target 
becomes radioactive when exposed to deutons in air in 
the manner of these experiments, and that the effect is 
due to radio-oxygen, O", produced by bombardment of 


nitrogen. 


to keep the temperature constant, this rather 
large limit of error has been assigned. 


THE DISINTEGRATION ELECTRONS 


Frem the amount of ionization produced in 
the nization chamber, the sensitivity of the 
electroscope, and the geometry of the arrange- 
ment, it was possible to estimate approximately 
the number of beta-particles emitted from the 
activated rocksalt through the course of time. 
Thus in Fig. 1 the ordinates represent a loga- 
rithmic plot of the absolute number of disinte- 
gration electrons emitted per second throughout 
the whole solid angle 47 resulting from an 
exposure of 1 hour to 1 microampere of 1.7 mv 
deutons. Extrapolating back to the time when 
the salt was exposed to the deuton beam, one 
obtains an initial yield of 1.6 x 10° disintegration 
electrons per second. From this value the 
saturation activity, that is, the activity produced 
by exposure to the deuton beam for an infinite 
time, can be calculated. This turns out to be 
3.7X10° beta-particles per second, and is the 
rate at which radioactive atoms are formed in 
the sodium chloride by 1 microampere of 1.7 mv 
deutons. In other words, one radioactive atom 
is formed per 1.7 X 10* deutons. 

Measurements of the energy of the beta-rays 
were made by interposing various thicknesses of 
aluminum sheets between the activated sodium 
chloride and the ionization chamber. The acti- 
vated salt was about 3 cm from the ionization 
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Fic. 1. Radio-sodium decay curve. 
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Fic. 2. Beta-ray absorption curve. The dotted line indicates 
the gamma-ray ionization. 


chamber, whose linear dimensions were approxi- 
mately 10 cm so that the solid angle subtended 
by the ionization chamber was quite large. 

The results are shown in Fig. 2 where the 
ionization is plotted in essentially arbitrary 
units, namely rates of deflection of the electro- 
scope fiber in divisions per second, on a loga- 
rithmic scale against the thickness of aluminum 
absorber in grams per sq. cm. The ionization 
falls off with increase in aluminum absorber to a 
constant value of about 1/20 of the initial value. 
Clearly the ionization is produced by both beta 
and gamma-rays and an indication of the maxi- 
mum energy of the beta-rays is obtained by 
noting the thickness of aluminum at which the 
ionization becomes approximately independent 
of the amount of aluminum absorber. Thus the 
estimated maximum range of the beta-particles 
is about 0.51 gram per sq. cm. 

Using Feather’s* empirical formula for the 
relation between the maximum energy of beta- 
particles and their maximum range 


E=(R+0.091)/0.511, 


where R is in grams per sq. cm of aluminum, 
and the energy £ is expressed in millions of 
electron volts, the observed range of the beta- 
particles indicates that their maximum energy 
is about 1.2 mv. In making an estimate of the 
maximum energy of beta-particles in this way, 
the tendency would of course be to estimate too 
low a value for the endpoint of the range, and 
therefore too low a value for the maximum 
energy. It remains for further and more extensive 
measurements, probably by magnetic deflections, 


* N. Feather, Phys. Rev. 35, 1559 (1930). 


to determine the endpoint with greater precision. 
However, the upper limit to the energy of the 
disintegration electrons is here determined with 
enough precision to show that the Sargent’ 
relation holds. This beta-disintegration fits on 
the Sargent curve for Ra E and Th C. 


RADIOACTIVE GAMMA-RayYs 


From the relative amount of beta and gamma- 
ionization, the relative number of beta and 
gamma-rays can be estimated as follows. Using 
the same electroscope and ionization chamber, 
McMillan® has studied the annihilation radiation 
produced in activated carbon. He found that 
this 0.5 mv radiation gave rise to about 1/40 of 
the ionization produced by the positive electrons 
from the activated carbon. In the case of 
activated carbon (radio-nitrogen) it is to be 
expected, as indeed has been demonstrated 
approximately by Lauritsen. and Crane,’ that 
there should be twice as many gamma-quanta 
as positive electrons. In the present experiments 
several measurements of the ratio of gamma to 
beta-ionization gave values ranging from 1/33 
to 1/20. If the radioactive sodium radiation 
were of the same energy as the annihilation 
radiation from N"™, ane would conclude then 
that in this case more than two quanta accom- 
pany each beta disintegration. However, as will 
be seen below, gamma-rays from activated 
sodium have much higher energy (5.5 mv), and 
give more ionization pef quantum passing 
through the ionization chamber. In view of this, 
the observations indicate that, within the un- 
certainty of the experiments, equal numbers of 
beta and gamma-rays are given off from radio- 
sodium. In other words, one gamma-ray accom- 
panies each radioactive disintegration. 

In order to determine the energy of the gamma- 
ray, absorption measurements were made in 
aluminum, copper and lead. For this purpose 
there was used another ionization chamber built 
especially for such absorption measurements and 
employed by McMillan* in his experiments on 
gamma-rays from various substances. The es- 
sential geometry of the arrangement is shown in 


7B. W. Sargent, Proc. Roy. Soc. A139, 659 (1933). 

*E. McMillan, Phys. Rev. 46, 868 (1934). 

*H. R. Crane and C. C, Lauritsen, Phys. Rev. 45, 430 
(1934). 
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Fic. 3. Arrangement of ionization chamber and ab- 
sorbers. The electroscope consists of a sputtered. quartz 
fiber supported at one end on a light wire frame. A short 
cross-hair attached to the free end of the fiber is observed 
against a scale in the microscope eyepiece. 
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Fic. 4. Absorption in Pb of gamma-rays from radio-sodium. 


Fig. 3. The cylindrical lead-lined ionization 
chamber was 2.5 cm in diameter and 5.7 cm 
long. The absorbers consisted of disks of various 
thicknesses, placed relative to the ionization 
chamber and to the source of gamma-rays, as 
shown in the diagram. The distance from the 
ionization chamber to the activated sodium was 
12 cm. 

The results of the absorption measurements 
in lead are shown in Fig. 4 where the relative 
ionization produced by the gamma-rays is 
plotted logarithmically as a function of the 
thickness of the lead absorber. Within experi- 
mental uncertainty the absorption is exponential, 
indicating that the radiation is monochromatic, 
with an apparent absorption coefficient of 0.51 
cm", 

According to the theory of pair production 
(materialization of radiation) of Oppenheimer 
and Plesset'® and of Bethe and Heitler," which 


©]. R. Oppenheimer and M. S. Plesset, Phys. Rev. 44, 


53 (1933). 
" Bethe and Heitler. Proc. Roy. Soc. A146, 83 (1934). 
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has been verified experimentally by McMillan* 
and by Lauritsen and Crane,” the absorption 
coefficient of the gamma-rays in lead does not 
uniquely determine the quantum energy, and it 
is necessary to make observations of absorption 
in lighter elements where pair production is not 
so important. Accordingly the apparent absorp- 
tion coefficients of the radiation in copper and 
aluminum were observed, and the values 0.275 
cm~ and 0.066 cm™", respectively, were obtained. 

Forward scattering of the radiation in the 
absorber influences the observed absorption 
coefficients, and it is a difficult matter to make 
proper corrections. Dr. McMillan calibrated the 
ionization chamber, arrangement with highly 
filtered gamma-radiation from radium and found 
that the observed absorption coefficient was 
6 percent less than the accepted value. For 
elements of low atomic number where pair 
production is not important, this correction is 
greater for more energetic gamma-radiation 
because the scattered radiation becomes greater 
in the forward direction. This increase in the 
scattering correction can be calculated from the 
geometry of source, absorber and ionization 
chamber on the basis of the Klein-Nishina 
formula. For elements of high atomic number 
and for radiation of five million volts or more, 
pair production absorption accounts for more 
than half of the total absorption, so that the 
correction for scattering in the case of heavy 
elements is correspondingly reduced. 

With these considerations in mind, corrections 
to the observed absorption coefficients in alumi- 
num, copper and lead have been made of 6, 5 
and 3 percent, respectively. These corrected 
values," given in terms of absorption per 
electron, are plotted in Fig. 5 against the atomic 
number of the absorber. A consideration of 
various sources of uncertainty in the measure- 
ments leads to the conclusion that these values 
are probably right to within 10 percent. The 
two straight lines represent respectively the 
2H, R. Crane and C. C. Lauritsen, Int. Conf. Phys., 
London, Oct., 1934. 

18 According to a theoretical calculation by Hall (H. 
Hall, Phys. Rev. 45, 216 (1934); H. Hall and W. Rarita, 
Phys. Rev. 46, 143 (1934)) photoelectric absorption of 5 
mv radiation is negligible in Al and Cu but in Pb it amounts 


to 4.3 percent of the total. A correction of this amount has 
accordingly been made in the plot of Fig. 5. 
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Fic. 5. The variation with atomic number of the absorption 
per electron of the radio-sodium gamma-rays. 


variation with atomic number for 5 and 6 mv 
radiation of the total absorption, i.e., Klein- 
Nishina plus pair production, according to calcu- 
lations supplied the writer some time ago by 
Professor Oppenheimer."* The observations show 
clearly that the absorption per electron in lead 
is more than twice as great as that in aluminum, 
and that therefore the radiation is of high 
energy. But on the basis of the absorption 
measurements alone, it is not possible to estimate 
with precision the quantum energy of the 
radiation. The extrapolated value for the ab- 
sorption at zero atomic number indicates that 
the radiation is in the neighborhood of 5 mv, 
whereas the rate of increase of absorption with 
atomic number suggests radiation of about 6 mv. 
The best estimate from the absorption data has 
therefore been taken as 5.5+0.5 mv. 

Presumably the gamma-ray is emitted fol- 
lowing the beta-disintegration, that is to say, 
from »Mg™ (see below) in an excited state. It 
is noteworthy that gamma-rays of about this 
energy have also been observed" from C™ and 
O'*. These three nuclei are of the same type in 
the sense that they can be regarded as made up 
of alpha-particles alone, and in view of this, it 
perhaps is not surprising that they should 
exhibit similar excitation levels. 


“ The writer is much indebted to Professor Oppenheimer 
for this information. 

%H. Becker and W. Bothe, Zeits. f. Physik 76, 421 
(1932). E. McMillan, reference 8. 
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CHEMICAL TESTS 


The atomic number of the radioactive element, 
which manifestly could not be far removed from 
that of sodium was determined by the following 
chemical tests. An activated sample of sodium 
metal together with some aluminum and mag- 
nesium was dissolved in concentrated sulfuric 
acid and then evaporated to dryness. The 
activity remained in the residue, indicating that 
the radioactive substance was certainly not 
fluorine or neon. The precipitate was next 
dissolved in water with the addition of a little 
ammonia. Phosphate was then added, which 
prectpitated the magnesium and the aluminum. 
The activity was found to remain in the solution, 
showing that almost certainly the active sub- 
stance was sodium. Fermi'* observed radio- 
activity of 15 hours half-life induced in aluminum 
by neutrons, and he also came to the conclusion 
from chemical tests that the radioactive sub- 
stance is a sodium isotope. In view of the 
identity of the observed half-lives, there can be 
little doubt that in both cases the same radio- 
active isotope was formed. 

This chemical proof that radio-sodium is 
formed by the reaction of deutons with ordinary 
sodium suggests at once the following nuclear 
reaction : 


1 Na®+,D*3,,Na"+,H'. (1) 


THe PROTONS 


The protons’ which, according to the above 
reaction, accompany the production of radio- 
sodium, have been observed and studied in some 
detail as follows. 

A carefully cleaned crystal of rocksalt was 
mounted in vacuum and bombarded with a few 
hundredths of a microampere of 2.15 mv deutons. 
Protons in a solid angle of 47/200 at right angles 


% E. Fermi, E. Amaldi, O. D'Agostino, F. Rosetti and 
E. Segré, Proc. Roy. Soc. A146, 483 (1934). 

17 Evidence of these protons was already at hand in the 
early experiments of Lawrence, Livingston and Lewis 
(reference 1). They found that several groups of protons, 
including one of 35 cm range, were emitted from a target 
of sodrum phosphate bombarded by 1.3 mv deutons. At 
that time it was not established whether the groups were 
due to sodium or phosphorus or both (oxygen was excluded 
by experiments with other targets), but it seemed likely 
that at least one of the groups was due to sodium. In the 
present experiments it is evident that thé. 35 cm group 
was in fact due to this element. 
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Fic, 6, Range distribution of ‘protons emitted from Na 
under deuton bombardment. 


to the deuton beam, passed through a mica 
window and through various absorbers into an 
ionization chamber 1 cm deep, where the ioni- 
zation pulses produced by the protons were 
counted by a linear amplifier-thyratron-scale-of-8 
arrangement. The bias voltage on the thyratrons 
was such that only those protons were counted 
that were near the end of their range when in 
the ionization chamber. For the most part, 
aluminum foils of 0.001 inch thickness were used 
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for the absorption measurements. Calibration 
with polonium alpha-particles showed that they 
had a stopping power of 4 cm of air at 20°C and 
760 mm.'* For variations of the absorber less 
than 4 cm, air itself was used. The number of 
proton counts from the rocksalt target as a 
function of the thickness of the absorber is 
shown in Fig. 6. Although in the measurements 
it was necessary to use deuton currents of less 
than 1/10 of a microampere in order to record 
individual proton counts, the ordinates of Fig. 6 
give the number of pratons emitted per second 
in every direction per microampere of 2.15 mv 
deutons, which was readily calculated from the 
observational data. 

Although considerable care was exercised with 
regard to the cleanliness of the targets, there 
existed a likelihood that an appreciable part of 
the observed proton emission from NaCl was 
due to contamination, particularly as the rocksalt 
was exposed to air before being placed in position 
in the vacuum chamber. Oxygen and nitrogen 
especially were suspects. The probable presence 
of a thin film of carbonaceous material from the 
vapor of the oil diffusion pumps was also 
recognized. However, a large amount of carbon 
contamination could be excluded on the basis of 
the range of the protons. From the observations 
that under deuton bombardment carbon emits 
protons having a range of 14+1 cm at 0.5 mv'® 
and 18+1 cm at 1.2 mv,” it is to be expected that 
at 2.15 mv their range would be 24 cm. The 
peak in the proton range curve at 21 cm is close 
to this value and might conceivably be due to a 
slight amount of carbon contaminant. This 
possibility is noted in the figure by the dotted 
line. 

In order to examine the constituents of air 
(particularly oxygen and nitrogen) as possible 
contaminants, observations were made of the 
proton emission from the sodium chloride target 
when bombarded with 1.2 mv deutons in air; 
following which the sodium chloride target was 
removed from the deuton beam and the proton 
emission from the air alone was observed. From 


18 All range measurements in this paper refer to air at 
20°C, 760 mm, 
1% J. D. Cockcroft and E. T. S. Walton, Proc. Roy. Soc. 


Al44, 704 (1934), 
2° FE. O. Lawrence, M. S. Livingston and G. N. Lewis, 


Phys. Rev. 44, 56 (1933). 
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the air two proton groups were observed, of 
ranges 86 and 26 cm, and in addition a copious 
emission of alpha-particles having ranges of 
7.6 and 13.4 cm, respectively. By replacing the 
air atmosphere with oxygen, it was established 
that the great majority of these protons and 
alpha-particles were not due to oxygen and 
therefore, in all likelihood, were due to nitrogen.” 

But quite apart from the question of the 
origin of the several groups of particles from air, 
a proton group having a range of 382 cm was 
found to be present only when the sodium 
chloride target was bombarded. When account 
was taken of the lower deuton energy in the air 
experiments, this 38 cm group corresponded well 
with the 49+ 2 cm group (see Fig. 6) observed 


in the vacuum experiments. Therefore the evi-- 


dence strongly indicated that the 49 cm group 
was due to sodium chloride. The 17+1 cm group 
observed in vacuum could only tentatively be 
ascribed to sodium chloride, inasmuch as these 
particles would have had a range in the air 
experiménts of only 12 cm, and for this reason 
it would have been difficult to distinguish them 
in the presence of the large alpha-particle 
emission. 

In order to distinguish between chlorine and 
sodium, a target of silver chloride was bombarded 
in vacuum, with 2.15 mv deutons, with the 
results also shown in Fig. 6. From this target 
three definite proton groups of ranges approxi- 
mately 13, 23 and 38 cm, respectively, were 
observed. These are probably to be ascribed to 
chlorine, but require further investigation. How- 
ever, since the protons emitted from the sodium 
chloride target were very much greater in 
number, they are certainly not to be ascribed 
to chlorine. Finally, in order to expose a possible 
unsuspected contaminant under the conditions 
of the experiment, the NaCl target was replaced 
by a platinum target in vacuum, and proton 
counts were made with the same deuton current. 
The very small number of counts shown in Fig. 6 
was accounted for as due either to seattered 
deutons or to the general neutron background. 
The evidence therefore strongly indicates that 


*1 We expect to submit for publication in the not distant 
future an account of these experiments on the disintegra- 
tion of nitrogen by deutons. 


the observed emission of protons from the sodium 
chloride target is to be ascribed to sodium. 

It should be emphasized that the data of 
Fig. 6 represent a range distribution rather than 
an integrated range curve, inasmuch as only 
those protons were counted that were very near 
the end of their range. In order to estimate the 
total yield of disintegration protons, it was 
necessary therefore to determine how near to 
the end of its range a proton had to be in order 
to be counted. This was accomplished in the 
following manner. Protons emitted at right 
angles to the deuton beam in air were collimated 
by slits 3 mm wide and 3 cm apart, so that 
protons that passed through the two slits came 
from an air target less than 4 mm thick. In this 
manner a fairly homogeneous group of long range 
protons was obtained to test the performance of 
the amplifier. On the assumption that the spread 
in energy of the nitrogen protons was equal to 
that of the bombarding deutons over the thick- 
ness of the air target, it was calculated that the 
spread in ranges of these nitrogen disintegration 
protons was about 2 cm, while it was found that 
the linear amplifier counted the majority over a 
range interval of 4 cm. Hence it was concluded 
that in order for a proton te be counted, it had 
to pass through the linear amplifier within 2 cm 
of the end of its range. Thus the ordinates of 
the curves shown in Fig. 6 represent the number 
per second of disintegration protons in a range 
interval of 2 cm emitted in all directions per 
microampere. 

If the protons are produced in the nuclear 
reaction in which radio-sodium is formed, it 
follows that the number of protons emitted per 
second should equal the number of radioactive 
atoms formed per second. This may be checked 
by numerically integrating the proton counts of 
Fig. 6, assuming that the linear amplifier counts 
effectively over a range interval of 2 cm. The 
rate of emission of protons with ranges greater 
than 9 cm is estimated in that way to be 5 x 10° 
protons per second per microampere. Scattered 
deutons prevented determination of the proton 
range distribution below 9 cm and extrapolation 
of the curve is necessarily uncertain. However, 
a reasonable extrapolation gives a total proton 
yield of 15X10° protons per sec. This is to be 
compared to the estimated rate of production of 








24 E. O. LAWRENCE 


tadioactive sodium atoms (i.e., the saturation 
beta-activity), which is 3.710° per second. 
The protons were produced by 2.15 mv deutons, 
while the estimate for the saturation radio- 
activity is for 1.7 mv deutons, and from the 
transmutation function, it is expected that the 
yield in the former case should be about five 


times that in the latter. Thus within experi- 


mental uncertainty the observations indicate 
that the yield of protons equals the yield of 
radio-sodium atoms, in support of the assumed 
reaction. 

Finally, mention should be made of two as- 
pects of the observed distribution of the emitted 
protons. First, the fact that at least two proton 
groups of ranges about 17 cm (3.4 mv) and 49 
cm (6.2 mv), respectively, seem to be emitted 
from sodium, suggests that a gamma-ray is often 
emitted in the nuclear reaction with an energy 
corresponding to the difference in energy of the 
two groups which is, taking account of the energy 
of recoil of Mg, 3.9 mv. Second, the range 
distribution of the groups seems to be greater 
than is to be accounted for by the thick target 
effect, and it is not impossible that this wide 
energy distribution is related to the energy 
distribution of the disintegration electrons. 
These are matters that remain to be examined 
inore closely later on.” 


DIFFERENTIAL TRANSMUTATION FUNCTION 


In order to study the amount of the induced 
activity as a function of the energy of the 
bombarding deutons, a target consisting of 
several thin mica foils (each having a stopping 
power of about 1 cm air equivalent) was exposed 
to the deuton beam. Mica contains, among other 
things, sodium, and the variation of the sodium 
activity with energy of the bombarding deutons 
was determined by observing the amount of the 


#2 Dr. McMillan and I have been studying the reactions 
of deutons with aluminum, and among other things find 
that aluminum" is formed with the emission of protons in 
a quite analogous manner to the sodium reaction here 
discussed. The range distribution of the protons from 
aluminum is quite similar to that of sodium. However, in 
the case of aluminum, we have been able to obtain a high 
resolving power by using thin targets and narrow colli- 
mating slits, and find that the apparent continuous range 
distribution in fact consists of a super-position of many 
proton groups. It therefore appears not unlikely that the 
wide distribution in ranges of the protons from sodium is 
due to many proton groups. 


TRANSMUTATION PROBABILITY 


“ARBITRARY UNITS 
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DEUTON ENERGY wv 


Fic. 7. The variation with deuton energy of the sodium 
radioactivity produced in a thin target. 


15 hour activity produced in the several mica 


. foils. The foil nearest the aluminum window 


exhibited the largest activity because the deutons 
had the greatest average velocity in passing 
through it. Thus the amount of the activity was 
observed to decrease rapidly with succeeding 
foils, and the observations yielded what might 
be termed a differential transmutation function, 
or thin target transmutation function. This 
manner of measuring the transmutation function 
has the advantage that it is unnecessary to take 
account of the magnitude of the current of 
bombarding deutons or of the time of exposure, 
as the integrated exposures of all the thin targets 
are automatically the same. 

The activity decreased so rapidly with energy 
of the deutons that an appreciable effect was 
observed in only the first three mica foils. These 
results are plotted in Fig. 7. The ordinates 
represent the activity, necessarily on an arbitrary 
scale, and are proportional to the probability of 
activation of the sodium by the deutons for 
various energies in millions of volt-electrons as 
given by the abscissas. 

The curve is a plot of the Gamow function 


N=K(1/v)e74°26 /he, 


N is the relative probability that a deuton of 
velocity v will penetrate the potential barrier of 
a nucleus of atomic number Z. The arbitrary 
constant K has been adjusted to the best fit 
with the experimental data. 

Thus, as can be seen from this plot, the 
variation with deuton energy of the induced 
activity is accounted for on the assumption that 
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the all-important factor is the ability of the 
deuton to penetrate the barrier of the sodium 
nucleus. We have found this to be true also in 
the case of aluminum. Indeed, in every case so 
far examined carefully in our laboratory, the 
Gamow theory accounts for the variation of the 
probability of a nuclear reaction with the energy 
of the bombarding particle. 


Utitity oF Rapio-SopiuM 


Radio-sodium will doubtless find many uses 
because it has a conveniently long life, and can 
be preduced in large amounts. In the present 
experinients with 1 microampere of 2.15 mv 
deutons, an amount of radio-sodium was pro- 
duced which gave an activity of more than 10’ 
beta-particles per second. The yield of radio- 
sodium increases very rapidly with the voltage 
and with currents and voltages that will soon 
be available, it will be possible to produce 
quantities of radio-sodium more than a hundred 
times greater than here reported. 

The very energetic gamma-radiation, which is 
presumably monochromatic makes radio-sodium 
an ideal gamma-ray source for certain experi- 
mental studies. Already a more precise experi- 
mental investigation of the absorpticn of the 
radiation in various elements has been under- 
taken in our laboratory, the results of which 
should have important bearing on the theory of 
the Klein-Nishina and pair production absorp- 
tion. Additional experiments using the Wilson 
chamber are planned, from which it is hoped it 
will be possible to gain more detailed information 
about the processes of both beta and gamma- 
absorption. 

Radio-sodium is particularly suited for many 
biological uses because if injected into biological 
material it would leave after a few days activity 
an innocuous non-radioactive residue. 


NEUTRONS 


Since the end products of the reaction in- 
volving radio-sodium are Mg™, H' and an 
electron, it seemed likely that an alternative 
reaction occurs in which sodium is converted 
directly into Mg™ with the emission of a neutron, 
viz.: 


tm 
~— 


»Na®™+,D*?>.».Mg™ + on'. { 
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Neutron observations were made difficult by 
the rather high neutron background produced 
by deutons striking various parts of the appa- 
ratus other than the target under investigation. 
However, by making observations with the 
deutons electrostatically deflected alternately on 
and off the target, the background could be 
allowed for in qualitative fashion. In addition, 
a piece of Be mounted on a ground joint could 
be moved into the deuton beam directly in front 
of the target so that the neutron emission from 
the target could be compared with the emission 
from Be. ; 

For the neutron observations a block of 
paraffin was placed directly in front of the 
ionization chamber and the recoil protons ejected 
by the neutrons were counted. The ionization 
chamber in these experiments subtended a solid 
angle at the target of about 47/100. Using a 
current of deutons of 0.04 microampere, the 
proton counts per minute were Be, 750; NaCl, 
96; and the background, 48. Similar observations 
with a AgCl target using 0.1 microampere gave 
the following counts per minute : Be, 1840; AgCl, 
112; and the background, 128. Neutron emission 
was thus definitely measurable above the back- 
ground in the case of NaCl, but not in the case 
of AgCl. A third experiment with a platinum 
target gave, as expected, no effect above the 
background. 

Thus, the experiments showed that under 
deuton bombardment Na emits neutrons. A 
rough estimate of the neutron yield may be 
made on the assumption that 1 recoil proton 
was recorded on the average for every 1000 
neutrons passing through the ionization chamber. 
On this assumption, which is certainly correct 
in order of magnitude, it is calculated from the 
experimental data that the neutron yield from 
a NaCl target bombarded by 2.15 mv deutons 
is about 3 per 10’ deutons. This nuclear reaction 
therefore has a probability of the same order of 
magnitude as the one in which radio-sodium is 
formed. 


THE ALPHA-PARTICLES 


Observations of the ionization pulses with a 
cathode-ray oscillograph showed that in addition 
to the protons and neutrons, a cofisiderable 
number of alpha-particles were emitted from 
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Fic. 8. Range distribution of alpha-particles from Na under 
deuton bombardment. 


sodium chloride. From silver chloride, however, 
the alpha-particle emission was of a smaller order 
of magnitude, and it therefore was concluded 
that the alpha-particle emission in the former 
case was ascribable to sodium. In making range 
measurements, the alpha-particles were distin- 
guished from the protons by increasing threefold 
the bias voltage on the thyratron counter. 
Throughout these measurements care was taken 
to keep the bombarding currents within a 
magnitude such that there was no appreciable 
piling up of proton pulses, which would give 
spurious counts. The results, reduced to the 
total yield per microampere of 2.15 mv deutons, 
are plotted in Fig. 8. The particles have a range 
of 6.50.3 cm. The counts recorded in the case 
of a greater thickness of absorber were due to 
the neutrons both from the sodium and the 
general background radiation. 
The reaction here concerned presumably is: 


1Na™+ i D?-,)Ne”*+-,Het*. 


The total yield of alpha-particles per second 
from sodium chloride bombarded by 2.15 mv 
deutons was calculated from the data to be 1 
per 10’ deutons. Thus the probability of this 
third reaction is smaller than that of either of 
the first two. According to the Gamow theory, 





E. O. LAWRENCE 


this result is quite reasonable, since the proba- 
bility that a nuclear reaction of this type will 
occur depends not only on the probability that a 
bombarding particle will get in, but also on the 
probability that a nuclear particle will get out. 
Because the nuclear barrier for the alpha-particle 
is greater than that for the proton, it follows 
that one would expect a greater probability for 
the proton reaction. 


ENERGY: BALANCE AND ATOMIC MASSES 


By balancing energy in the reactions, the 
masses of Na*, Na™ and Mg™ may be determined 
from the experimental data and known mass 
values as follows. If no gamma-radiation is 
given off in the alpha-particle reaction, we have 


Na*+ ,D?+ (k.e. of ,D*) = »Ne**+.,Het 
+ (k.e. of sHe*)+ (k.e. of Ne”). 


The kinetic energy of the deutons was 2.15 mv 
(= 0.0023 mass unit) and the alpha-particles had 
a range of 6.5 cm corresponding to 7.3 mv 
(=0.0078 mass unit), and it follows from 
conservation of momentum that the recoil 
kinetic energy of the Ne*' was 0.0017 mass unit. 
Taking Aston’s value for He, 4.0022, and 
Bainbridge’s value for H?, 2.0136, and Bain- 
bridge’s provisional value* for Ne”, 20.996 
+0.001, we have accordingly 


Na®= 20.996+0.001+4.0022+ 0.0078 
+0.0017— 2.0136—0.0023 
= 22.9918"+ 0.001. 


This value for the mass of Na® is not in satis- 
factory agreement with that derived from its 
chemical atomic weight,™ i.e., 22.999+0.003. 
In view of the possibility that gamma-rays are 
given off in the above reaction, the chemical 
value is more trustworthy. 

Likewise, if it is assumed that no gamma- 
radiation is given off in the reaction in which 
radio-sodium is formed, we have 


*% The writer is much indebted to Dr. Bainbridge for 
this information. 

* 1 am indebted to Professor Birge for ca!ling my atten- 
tion to the recent determinations by C. R. Johnson (J. 
Phys. Chem. 37, 923 (1933) and Baxter and Hale (J. Am. 
Chem. Soc. 56, 615 (1934), which indicate that sodium has 
a chemical atomic weight of 22.994+0.002, which when 
reduced to the O" = 16 scale becomes 22.999+0.003. 
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»,Na®™+ ,D*?+ (k.e. of D*) 
= Na™+ H'+ (k.e. of H')+(k.e. of Na®). 
Using the chemical value for Na™, and the 
observed maximum proton energy, 6.2 mv 
(= 0.0067 mass unit), we obtain 
1 Na™*= 22.999+ 0.003+ 2.01364+-0.0023 
— 1.0078— 0.0067 — 0.0006 
= 24.000+ 0.003. 
Finally if the difference in mass between Na™ 
and Mg™ is represented by the sum of the 
maximum energy of the beta-rays (1.2 mv) and 
the energy of the gamma-rays, 5.5+0.5 mv, 
we have 
Mge*= 24.000+ 0.003 —0.0013— 0.0059 
= 23.993+0.003. 


TANUARY 1 1935 


SP ac’ 


PHYSICAL 


TRA OF CaH AND CaD 27 


It should be noted that the assumed relation 
between the maximum energy of the beta- 
particles and the mass change in the beta- 
disintegration has not heretofore been established 
by experiment or justified by theory. The fact 
that the value for the mass of Mg™ obtained in 
this way fits satisfactorily on Aston's mass 
defect curve therefore may be interpreted as 
experimental evidence favoring the validity of 
this fundamental assumption. 

I am much indebted to Doctors Edwin Me- 
Millan and Malcolm C. Henderson for valuable 
assistance. I wish also to acknowledge grants-in- 
aid from the Research Corporation, the Chemical 
Foundation and the Josiah Macy, Jr., Founda- 


tion. 
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Comparison of the Spectra of CaH and CaD 


Wittiam W. Watson, Yale University 
Received October 29, 1934) 


The spectrum of calcium deuteride has been photographed 
at high dispersion with a Ca arc in an atmosphere of heavy 
hydrogen as a source. Quantum analyses of the B and C 
systems are presented, and the rotational energy constants 
and spin doubling of the two states of the B bands are 
compared with those for CaH. The ratio B,*/B, for the 
ground state is 0.51337 whereas the ratio of the reduced 


masses is 0.51276. This represents a decrease of 0.059 


INTRODUCTION 


N the several band systems of the CaH 

molecule are to be found striking examples of 
the phenomena of /-uncoupling, A-doubling, 
predissociation and perturbations.' The magni- 
tudes of all of these effects depend upon the 
rotational constants B, and the relative spacing 
of the rotational energy levels in the interacting 
states. Substitution of deuterium for hydrogen 
in this molecule therefore produces, because of 
the relatively large change in the reduced mass, 
interesting variations in these phenomena. In 


! For references cf. W. Jevons, Report on Band-Spectra of 
Diatomic Molecules 


percent for the equilibrium internuclear distance in CaD 
The spin doubling in the B *Z state of CaD does not show 
the irregular variation with K found in CaH, and is of 
magnitude almost exactly in the ratio p* with that of the 
A-doubling in the A?*Il state of CaH. Multiple large 
perturbations occurring in the C*Z state of CaD are 


described. 


addition, the study of the hydrogen isotope effect 
in these bands provides an example for the 
prediction by Kronig’® that in certain cases the 
potential energy function for the vibration of 
the non-rotating molecule is not identical for 
the two isotopes, the equilibrium distance being 


slightly smaller for the heavier isotope. 


EXPERIMENTAL PROCEDURE 
The light source was a d.c. are carrying 2.5 
amperes between a water-cooled copper anode 
and a hollow copper cathode filled with metallic 


?R. de L. Kronig, Physica 1, 617 (1934). * 
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Fic. 1. Spectrograms of the B and C bands of CaH and CaD. Both of the CaD spectra have the CaH 
bands present with low intensity, and the spectrogram of the CaH C band shows some of the CaD lines. 
Note the marked difference between the C bands of the two isotopes. 


calcium in an atmosphere of heavy hydrogen at 
about 4 cm of Hg pressure. The heavy hydrogen 
was obtained from a gram of 98 percent heavy 
water by interaction with calcium metal in a 
vacuum. Only half of the deuterium in the heavy 
water was liberated, of course, but the CaOD 
formed in the reaction was desired as a target 
containing deutons for a nuclear disintegration 
experiment in this laboratory. From the storage 
flask of about one liter capacity, heavy hydrogen 
was admitted occasionally during an exposure 
to the arc chamber, which had a volume of 
about two liters, in order to replenish the gas 
consumed in the manufacture of CaDe. 

Spectrograms of the A, B and C band systems 
of CaD were obtained in the second order of a 
21-foot concave grating in a stigmatic mounting, 
the dispersion being about 2.2A/mm. Eastman 
Hypersensitive Panchromatic, I-S and Eastman 
40 plates were used for the B, A and C band 
regions, respectively. That the light source was 
intense may be judged from the fact that the 
exposure times were in all cases about 15 minutes. 
On all the spectrograms CaH spectra are present, 
ordinary hydrogen having come from the walls 
and the hot electrodes, but the band lines due 
to CaD are several times more intense than the 
corresponding CaH lines. 

Since there is but slight difference in the 
vibrational frequencies of the CaH molecule in 


the two states involved in each of these band 


systems, the Av=0 sequence is very much 
stronger than the other sequences. Therefore 
according to the simple theory of the vibrational 
isotope effect the corresponding Av =0 sequences 
of the CaD bands should be but little displaced 
from those of CaH. The resulting overlapping 
and interlacing of the rotational structure of the 
bands of the two isotopic molecules is trouble- 
some, but the relative simplicity of the B and C 
bands (both *=—-*S) together with the greater 
intensity of the CaD lines makes the quantum 
analysis possible. The structure of the A band 
C@Ill—*S) of CaD at 7000A, however, is so 
complicated by the numerous fusions of lines 
with those of the weaker CaH bands as to defy 
accurate quantum analysis. At this time there 
fore a discussion only of the B and C band 
systems of CaD is presented. In Fig. 1 are 
displayed reproductions of typical spectrograms 


of these bands. 


Tue B Banpbs or CaD 


The Av=0 sequence of this system lies mostly 
in the region 6200 to 6400A, the origin of the 0,0 
band falling within a few wave numbers of that 
of the corresponding CaH band. Since the 
reduced mass of CaD is almost twice that for 
CaH, the rotational energy levels of the former 
will have but half the spacing of the CaH levels 


There will thus be roughly twice as many lines 
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TABLE I. Assignment of frequencies in the ‘B’’ *X-*= 0,0 and 1,1 bands of CaD. cm™ units. 








0.0 1.1 
J” +) P Ri P+ Re P, R, Ps R> 

1 15758.62 15739.40 15744.53 
2 15744.52 15757.47 15740.73 63.71 157 30.98 43.88 15727.48 49.32 
; 40.09 62.20 37.05 68.96 26.55 48.25 23.39 $4.21 
4 55.86 67.11 33.40 74.35 22.42 52.74 19.53 59.31 
5 41.80 72.12 29.82 79.92 18.31 $7.33 15.85 64.57 
6 27.94 77.17 26.59 &5.58 14.28 62.33 12.61 69.95 
7 24.17 82.50 23.43 91.50 10.38 67.14 09.01 75.47 
8 20.56 87.90 20.56 97.43 06.70 72.31 06.06 81.15 
9 17.35 93.52 17.74 803.56 02.95 77.64 03.05 86.99 
10 14.15 99.16 15.12 09.92 699.56 83.30 00.21 92.85 
11 11.05 805.12 12.61 16.32 96.48 88.76 697.78 99.10 
12 08.24 11.16 10.35 22.88 93.72 94.25 95.47 805.10 
13 05.56 17.29 08.24 29.63 91.24 99 60 93.03 11.47 
14 02.92 23.64 06.29 36.56 87.97 805.88 90.79 18.09 
i5 00.28 30.02 04.51 43.20 85.22 11.94 88.76 24.9% 
16 698.53 36.56 02.92 50.48 83.07 18.09 87.07 $1.21 
17 96.49 43.20 01.46 57.69 81.15 24.39 85.22 47.98 
18 94.58 50.10 00.28 “4.99 78.69 30.69 83.87 44.89 
19 92.92 57.06 699.00 72.45 76.93 37.25 82.65 51.85 
20 91.42 64.09 98.07 79.98 75.29 43.86 81.22 58.90 
21 90.10 71.15 97.21 87.62 73.53 50.56 80.51 66.15 
22 88.80 78.52 96.49 95.38 72.39 $7.27 79.66 73.6 
23 87.69 85.85 96.13 903.16 71.19 64.18 78.69 80.69 
24 86.82 93.32 95.76 11.11 69.70 71.23 78.23 88.12 
25 86.20 900.81 95.54 19.15 69.01 78.18 77.64 95.47 
26 85.64 08.51 95.54 27.18 68.30 85.25 77.39 003.14 
27 85.15 16.16 95.76 35.34 92.43 76.93 10.65 
28 84.93 23.96 96.13 43.53 99.69 18.36 
29 84.76 32.01 96.49 51.83 906.97 26.03 
0 84.76 39.74 97.00 60.13 14.26 43.76 
$1 85.15 47.72 97.74 68.50 21.67 41.51 
32 85.64 55.75 98.53 76.98 29.05 49.31 
33 86.20 63.80 99.46 85.18 36.49 57.02 
4 86.74 71.91 700.62 93.36 43.96 64.92 
35 87.61 80.02 02.03 16002.41 51.37 72.70 
6 88.68 88.26 03.41 10.89 58.88 80.50 
37 89.60 96.36 05.06 19.35 66.38 88.24 
38 90.78 16004.58 06.70 27.94 73.82 96.05 
39 91.93 12.82 08.24 36.51 81.29 16003.85 
40 93.62 21.02 09.98 44.96 88.72 11.58 
41 94.96 29.22 $3.53 96.05 19.34 
42 96.53 37.56 61.92 16003.43 26.41 


in a given energy range in a branch of the 
deutride band. For example, the line R, (554) 
of the CaD is close to R; (304) of CaH. In the 
P-branches which form heads at about K =26 
this closer spacing of the lines results in more 
fusions of lines at and near the heads, with 
resulting lessened accuracy of measurement. 
Table I contains the quantum assignments of 
frequencies in the 0,0 and 1,1 CaD bands, while 
in Table II are given the usual R—P combination 
differences from which the rotational energy 
constants are computed. 

From the A:F(K) values of Table II the 
constants B, and D, of the expression for the 
rotational energy of the molecule may be com- 
puted in the usual manner. Knowing By and B,, 
the quantities a and B, of the relation B,=B, 
—a(v+4) are obtained. B, is the value of this 
rotational constant when the nuclei are at their 
equilibrium distance apart, and it is the ratio of 
these B, constants for the same electronic state 
of the two isotopic molecules which should equal, 
according to the simple theory of the isotope 


effect in band spectra, the ratio of their reduced 
masses. It is important to note that the B, 
values so calculated are really B,* values,’ 
differing considerably from the real B, values 
for a state such as this upper *2 state which 
interacts strongly with a near-lying *II state. 
We return to this point below. In Table III are 
collected the results of these calculations, in- 
cluding revised and more accurate values for 
the corresponding constants of the CaH states. 

For comparison of these constants for the two 
isotopes one needs the ratio p* of their reduced 
masses. Taking the mass-spectrograph determi- 
nations of 1.00778 and 2.01363 atomic weight 
units for hydrogen and deuterium,‘ respectively, 
and with mo, =39.97, 
Any possible departure of the mass of Ca from 
this value 39.97 affects p* inappreciably. From 
this value of ,’ it follows that p=0.716066, 
p* = 0.367168 and pt = 0.262918. 


2 = Mcan/ Hcap = 0.51 276. 


R.S. Mulliken and A. Christy, Phys. Rev. 38, 87 (1931). 
K. T, Bainbridge, Phys. Rev. 41, 115 (1932). 
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Tasce I1. Combination differences for the ‘‘B" *X2-—»*= CaD band. The A: F(K) values are the average of the Ri— P; and R,—P; 
differences in each case. 























Lower state combinations Upper state combinations 
0.0 1,1 0,0 1,1 
Ri(J —1) Roa J —1) Ri(J) RilJ) 
J" +4 —Pi(J+1) —PoJ+1) K" A:F’’(K) A2F’’(K) —Pi(J) —PxJ) K’ A:F’(K) A:F’(K) 
2 21.57 22.98 
3 21.61 30.31 2 21.59 21.30 22.11 31.91 2 22.54 21.77 
4 30.40 39.14 3 30.36 29.87 31.25 40.95 3 31.58 30.57 
5 39.17 47.76 4 39.15 38.41 40.32 50.10 4 40.63 39.40 
6 47.95 56.49 5 47.86 46.83 49.23 58.99 5 49.66 48.38 
7 56.61 65.02 6 56.55 55.59 58.33 68.07 6 58.66 57.04 
s 65.15 73.76 7 65.09 64.07 67.34 76.87 7 67.70 66.03 
9 73.75 82.31 x 73.76 72.58 76.17 85.82 & 76.52 74.92 
10 82.47 90.95 9 82.39 81.05 85.01 94.80 9 85.42 83.84 
| 90.92 99.57 10 90.94 89.39 94.07 103.71 10 94.43 92.46 
12 99.56 108.08 il 99.57 . 97.45 102.92 112.53 il 103.32 100.93 
13 108.24 116.59 12 108.16 106,17 111.73 121.39 12 112.13 109.15 
14 117.01 125.12 13 116.80 114.49 120.72 130.27 13 121.05 118.17 
15 125.11 133.64 14 125.11 122.76 129.74 138.69 14 130.00 127.01 
16 133.53 141.74 15 133.58 130.91 138.03 147.56 i5 138.36 135.32 
17 141.98 150.20 16 141.85 139.28 146.71 156.23 16 147.13 143.69 
18 150.28 158.69 17 150.24 147.40 155.52 164.71 17 155.87 152.38 
19 158.68 166.92 18 158.68 155.37 164.14 173.45 18 164.42 160.67 
20 166.96 175.24 19 166.94 163.69 172.67 181.91 19 173.06 168.88 
21 175.29 183.49 20 175.26 171.40 181.05 190.41 20 181.48 177.35 
22 183.46 191.49 21 183.47 179.31 189.72 198.89 21 190.07 185.25 
23 191.70 199.62 22 191.59 187.50 198.16 207.03 22 198.52 193.33 
24 199.65 207 .62 23 199.63 195.14 206.50 215.35 23 206.76 201.76 
25 207.68 215.57 24 207.65 202.99 214.61 223.61 24 214.98 209.53 
26 215.66 223.39 25 215.61 222.87 231.64 25 223.24 217.39 
27 223.58 231.05 26 223.48 231.01 239.58 26 231.33 
28 231.40 238.85 27 231.22 239.03 247.40 27 239.30 
29 239.20 246.53 28 239.02 247.25 255.34 28 247.31 
30 246.86 254.09 29 246.70 254.98 263.13 29 255.16 
$1 254.10 261.60 30 254.09 | 262.57 270.76 30 262.85 
32 261.52 269.04 31 261.56 270.11 278.45 31 270.43 
33 269.01 276.36 32 269.02 277.60 285.72 32 278.02 
34 276.19 283.15 33 276.27 285.17 293.24 33 285.44 
35 283.23 290.45 3M 283.19 292.41 300.38 34 292.82 
36 290.42 297.35 35 290.43 299.58 307 .48 35 299.98 
37 297.48 304.19 36 297.41 306.76 314.29 36 307.12 
38 304.43 311.11 37 304.31 313.80 321.24 37 314.05 
39 310.96 317.96 38 311.03 320.89 328.27 38 321.06 
40 317.86 39 317.91 327.40 334.98 39 327.83 








It is known from the fact that the spin doub- hydrides) has an L >0 and has other near-lying 
ling in this lower state is very small that there is perturbing electronic states. Since the united 
but slight interaction with any other electronic atoms for both AIH and CaH have L=2 (the 
state of the molecule. We may consider therefore lowest *D level of Sc for CaH) and have other 
that the B,” values computed in the usual perturbing levels within a range of one or two 
fashion are correct. The ratio of the two B,’’ volts, both molecules might be expected to show 
values, which with the usual assumption of the sizable and about equal decreases in equilibrium 
equality of the potential energy function for the distance for their deutrides. 
two isotopic molecules should equal p’, is 0.51337. That the ordinary rotational energy term 
This means a decrease in the equilibrium formula applied to the excited state of these 
distance between the tw6 nuclei in CaD of 0.059 bands does not yield correct B, values is shown 
percent. Holst and Hulthén® have reported about by the fact that the B, values so obtained 
the same decrease, 0.056 percent, in the distance (B,.’=4.4918 for CaH and 2.2813 for CaD) have 
between the two nuclei for AID as compared to a ratio 0.50788. The explanation of this large 
AIH in their lowest 'E state. departure in the wrong direction from the 

Now Kronig has recently shown? that the ‘educed mass ratio lies in the fact that the 
correct treatment of the wave equations for the Malysis of the data always gives B* values,’ 
diatomic molecule leads to the conclusion that 4iffering from the true B, values by terms arising 
the potential energy curves for two isotopic from the interaction with certain other states 
molecules need not be identical provided that of the molecule. If the interaction of this * 
the “united atom” (a concept valid only for state is solely with a neighboring *II state, then 
it may be shown that 


* W. Holst and E. Hulthén, Nature 133, 496 (1934). B* — B, = —2B,7l(/+1)/v(Il, =). 
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COMPARISON OF 


The interaction for this *= state of CaH being 
largely with the A *II state lying but 1320 cm™ 
(=yv(II, =)) below it, this correction to Bo* for 
CaH is about —0.067, while for CaD the cor- 
rection is but —0.017 because of the B,* factor. 
Inclusion of these corrections gives an indicated 
B, ratio considerably nearer® the value p*. But 
since interacting electronic states such as these 
never stand exactly in the relation of “pure 
precession”’ to each other, these corrections to 
obtain true B, and B, values can never be 
made with great accuracy. 

The a@ constants for the ground state listed in 
Table III have a ratio almost exactly p’*, as they 


TABLE III. Rotational constants of the“ B"**X-»*= CaD and 
CaH bands. 


CaD CaH CaD CaH 


Bo"’ 2.1777 4.2296 Bo’* 2.2600 4.4338 

B,"’ 2.143 4.1333 B,"* 2.215 4.318 

a’ 0.035 0.096 a’ 0.045 0.116 

ay 2.196 4.2776 Do’ 54x10" 2.36 x10 

Do’ 1.8 x10 1.84 x10 D,’ 6.5 X10 2.44 x10 

Di" 6.11075 1.82 K 1074 0.364 ates or 
0.032 0.045 


should have according to the theory of the 
isotope effect. Comparison of the spin doubling 
Avi2(K) in the B *E state of the two isotopes is 
also of some interest. The variation of this 
doubling with K is presented in Fig. 2. Now 
according to theory this variation should be 
strictly proportional to (K+ 4), and the factor 
of proportionality y should equal, if strong 
interaction exists between the two states, the 
slope p of the A-doubling curve for the near *I,y 
levels. There should be a ratio By between these 
constants for the two isotopic molecules. The 
expected linear spin-doubling relation does hold 
for CaD, the slope of the line in Fig. 2 being 
— 0.364. Division of this by p* gives —0.709 
which is nearly the value —0.704 of p for the 


* It follows from the definition of g on p. 89 and of B* 
in Eq. (16) of reference 3 that B*—B,=—g, not +q as 
stated by Mulliken and Christy after their Eq. (19). 
Since g is in this case negative, for CaH By’ = 4.4338 —0.067 
=4.367, while for CaD Bo’ =2.260—0.017 =2.243. Addi- 
tion of 4a to these quantities (using the a’ values from 
Table IV) gives B,’=4.425 and 2.265 for CaH and CaD, 
respectively. The ratio of these is 0.511865, fairly close to 
the value for p*. However, the only significance to be 
attached to this calculation is that it forms an approximate 
check on these theoretical relations between B* and B, 
values, 
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Fic. 2. Comparison of the spin doubling in the B *Z state 
of the CaD and CaH molecules. 


“II state of CaH. The spin-doubling curve for 
the CaH state shown in Fig. 2 has an initial 
slope of —0.945, changing for the higher rota- 
tional levels to —0.543. This change of slope 
is probably due to a perturbation by other near- 
lying rotational levels, the absence of it for CaD 
being attributed to the different spacing of the 
rotational levels. The conclusion from this com- 
parison of B,, B,* and a@ values, as well as the 
spin- and A-doublings, in corresponding states 
ot these two molecules is, then, that the variation 
of the theoretical relations as a function of the 
mass of the molecule is entirely verified. 


Tue C Banpbs or CaD 


In contrast to the lack of the CaH perturbation 
in the B *S state as mentioned above, the C band 
of CaD at 3534A displays violent perturbations 
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Fic. 3. Microphotometer traces of the C bands of CaD 
and CaH. The numbers on the CaD lines are the assigned 
values of K”. . 
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TABLE IV. Assignment of frequencies in the “C"' *X-»* 0,0 
band of CaD. cm units. 











Int. v obs. R(K") Int. vobs. P(K"’) Unassigned 

7 28469.62 R(17) 5 28321.73 5,18 28334.74(1) R(1)? 
7 61.89 16 6 12.91 6 31.94(1) 

x 48.66 15 9 11.28 18,19 30.40(1) 

2 46.65 13 & 08.62 16 29.14(1) R(O)? 
x 42.13 “4 10 06.67 17,7 16.33( 1b) P (2)? 
4 19.18 13 7 04.68 13 14.12(5) P(3)? 
6 17.41 12 7 02.30 & 

7 12.92 il 6b 00.89 14 

5 381.28 9 9 298.73 9 

s 77.61 8,10 7 95.45 10 

7 72.44 7 7 94.04 15 

7 67.33 6 6 90.53 11 

6 63.05 5 2 78.17 12 

6 60.81 4.3 











in its upper state which do not occur in the 
corresponding CaH levels. Comparison of the 
structure of this band for the two molecules in 
the reproduction in Fig. 1 and in the micro- 
photometer traces in Fig. 3 indicates these 
perturbations at once. The intensities, fre- 
quencies and quantum assignments of the lines 
in this 0,0 C band of CaD are given in Table IV. 
These assignments are made with the necessary 
condition that there should be the same lower 
state R(J—1)—P(J+1) combination differences 
as found in the B band of CaD. For these two 
systems have a common ground state, and no 
perturbations are found in this B band. Without 
this condition as a guide it would be quite 
impossible to make the quantum analysis, for 
every line in the band is perturbed, the resulting 
confusion in the P-branch being particularly bad. 

A prominent feature is the sudden cessation 
of lines at a particular value of K, just as for the 
CaH band as developed in a low pressure arc.’ 
The cut-off is practically at the same energy 
content in the upper *2 state for each molecule, 


7R. S. Mulliken, Phys. Rev. 25, 509 (1925), 


We 





WATSON 


since the band origins lie within a few cm™ of 
each other. An explanation of this sudden drop 
of the intensity to zero in the two branches as 
due to predissociation into the continuum of the 
D state of CaH has been given by Grundstrém 
and Hulthén.* 

As usual in the phenomenon of perturbations, 
two lines having the same K values sometimes 
appear at a perturbation point. This occurs 
definitely at K =14. Also these perturbations are 
multiple, with centers at about K=3, 10, 13, 
and >17. This would indicate the presence in 
this energy range of CaD levels of more than 
one other state with levels spaced similarly and 
having all of the properties necessary for per- 
turbing the C *2 levels. The D *Z state may be 
one of these, but of other states in this interval 
nothing is known. The displacements in these 
perturbations are evidently of the usual ‘“‘anoma- 
lous dispersion curve” type, but it is difficult to 
calculate the exact magnitudes of the shifts 
because of the fact that there are no unperturbed 
lines from which the normal course of the levels 
may be computed. From an attempt at such a 
calculation, by using predicted constants from 
the isotope effect theory, it is evident that, as 
for the C state of CaH, a sizable term linear in 
K is present and with a coefficient about in the 
ratio p? to the 2.22 value* for CaH. Finally, it 
should be mentioned that the 0,1 band of this 
CaD system is also present on our spectrograms, 
but with rather low intensity. Inspection shows 
that large perturbations similar to those of the 
0,0 band occur in its branches. The same 
perturbations should be found in the two bands, 
of course, because of their common upper state. 


* Cf. B. Grundstrém, Zeits. f. Physik 69, 235 (1931) 
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\ determination of e/m was made by accurately meas 
uring the difference in wave number between the Ha lines 
of ordinary and heavy hydrogen. The observations were 
made with a Fabry and Perot etalon used in conjunction 
with a spectrograph of sufficient resolving power to 
separate the interference patterns of the two Ha lines. 
rhe effects of the weak fine structure components were 


eliminated and values of e¢/m were derived from the two 


INTRODUCTION 


T was pointed out by Birge' in 1929 that the 
mean value of e/m determined from the 
acceleration of free electrons was (1.769+0.002) 
< 10’ whereas spectroscopic methods gave (1.761 
+0.001) x 10". That the difference between these 
values might be real was suggested by the small 
size of the probable errors. This led to the 
possible interpretation that the value of e/m for 
free electrons was not the same as for electrons 
within the atom. In view of the importance of 
this question considerable work has been done 
recently in determining e/m by both methods. 
The more important results are listed in Table I. 
Evidently the discrepancy shows a tendency to 
disappear with later and more refined experi- 


mental methods. 


TABLE | 

m ‘ mt 
Date Observer spectroscopic accelerat 
1930 Perry and Chafife 1.761 +0.001 
1931 Campbell and H ston’ 1.7579 +0.0025 
1932 Kirchner‘ 1.7587 +0.0009 
1933 Dunnington® 1.757 +0.0015 
1933 Spedding, Shane and Grace* 1.758 
1934 Gibbs and Williams 1.757 +0.001 
1934 Kinsler and Houston* 1.7570 +0.0010 


1 Raymond T. Birge, Rev. Mod. Phys. 1, 1 (1929 

C. T. Perry and E. L. Chaffee, Phys. Rev. 36, 904 
1930). 

J. S. Campbell and W. V. Houston, Phys. Rev. 38, 581 
1931). 

*F. Kirchner, Ann. d. Physik 12, 503 (1932). 

5’ F.G. Dunnington, Phys. Rev. 42, 739 (1932). 

*F. H. Spedding, C. D. Shane and Norman S. Grace 
Phys. Rev. 44, 58 (1933 

R. C. Gibbs and R. C. Williams, Phys. Rev. 44, 1029 
1933). 

*L. E. Kinsler and W. V. Houston, Phys. Rev. 45, 104 
1934). 


main components. The final mean gives ¢/m=1,7579 
+0.0003 x 10’. From this determination the ratio of the 
mass of the hydrogen atom to the mass of the electron is 
found to be 1835.6+0.2,. There is no indication of system 
atic errors in the work so that the probable errors may be 
fairly taken as representing the actual uncertainties in 
the results. 


Of the various spectroscopic methods the one 
that is probably most accurate consists in 
determining the difference in the Rydberg con- 
stant corresponding to two different hydrogen- 
like atoms. Observationally this resolves itself 
into the measurement of the difference in wave 
number of corresponding lines in the spectra of 
two such substances. This method was applied 
by Houston’ using ordinary hydrogen and ion- 
ized helium. In application the principal defect 
lies in the different fine structure of the lines to 
be measured. When through the work of Pro 
fessor G. N. Lewis, experimental amounts of 
water containing high concentrations of the 
heavy hydrogen isotope were available, it became 
possible to make determinations by the above 
method relatively free from this difficulty. The 
fine structure is the same for corresponding lines 
of H' and H?® and only affects the results to a 
small extent through the difference in tempera 
ture widening. The value given by Spedding, 
Shane and Grace in the above table is a prelimi- 
nary result derived by this method. The only 
other determination in which H' and H?® were 
used is that of Gibbs and Williams.’ 

The present paper reports the final results of 
our investigation. The procedure possesses, we 
believe, three points of advantage over that used 
by Gibbs and Williams. First, sufficient spectro 
scopic resolving power was employed to yield 
separate interference fringe systems for H'a and 
H’a whereas in the experiments of Gibbs and 


Williams the two systems overlapped. The 


»W. V. Houston, Phys. Rev. 30, 608 (1924). 
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spectroscopic separation of the fringe systems 
resulted in greater accuracy of photometric 
measurement. Second, in view of the resulting 
simplicity of the fringe systems, a more complete 
analysis of the effects due to the faint unresolved 
components of the lines was possible. Finally, 
through the method of cooling the discharge tube, 
the lines obtained showed improved sharpness. 

The determination of e/m was intimately 
bound up with a study of the fine structure of 
Ha and a measurement of the fine structure 
constant, 1/a, of which the results are published 
in the succeeding article. 


EXPERIMENTAL PROCEDURE 


The source of illumination was a modified 
Wood's tube operated from a 15,000-volt trans- 
former and completely immersed in liquid air. 
An image of the source was focused between the 
plates of an etalon interferometer whose separa- 
tion of 0.782 cm was chosen so as to give a 
relative displacement of half a fringe between 
the two main components of the Ha lines. The 
interference fringes were focused on the slit of a 
large grating spectrograph by a lens of 32 inches 
focal length. The dispersion of this spectrograph 
in the first order was sufficient to give separate 
images of H'a and H’a.'® A typical spectrogram 
is illustrated in Fig. 1. 


PHOTOMETRY AND MEASUREMENT OF PLATES 


Each plate was standardized by photographing 
on it light of approximately the wavelength of 
Ha, passed through an optical wedge of known 
transmission. Microphotometer tracings were 
then made of these standards as well as of H'a 
and H*a with the Zeiss microphotometer be- 
longing to the Physics Department. 

The tracings were accurately measured in both 
coordinates. The ordinates were reduced to 
relative intensities by means of the reduction 
curves derived from the tracings of the standards. 
Owing to the slightly non-uniform intensity in 
the illumination of the slit, it was necessary to 
use the relative intensities of the successive 
fringe maxima and minima to derive a curve of 
correction factors by which all measured in- 


© A more detailed description of the apparatus is given 
in the following article. 
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Fic. 1. Spectrograms and microphotometer curves of H’a 
and H'a. 


tensities were multiplied to reduce them to the 
case of uniform illumination. The intensities 
thus reduced were ready for plotting. 

It was necessary to alter the scale of abscissae 
in such a way as to give a uniform scale in 
terms of orders of interference. Theoretically 
the linear distance of a point from the center of 
the fringe system is very nearly proportional to 
the square root of the difference between the 
order of interference at the point and the order 
at the center of the fringe system. Thus if the 
distances of poi>ts from the center be squared 
and the resulting numbers be taken as abscissae, 
one should get a scale proportional to the order 
of interference. When the intensities were plotted 
against these abscissae, it was found that the 
fringe maxima corresponding to a given compo- 
nent were nearly but not quite equally spaced. 
These departures from equal spacing were due 
to errors in selecting the center of the fringes 
and to small distortions in the optical system. 
In no case were the second differences as much 
as 4 percent of the first differences. The spacings 
of the maxima were then differenced, and from 
the first and second differences the scale of 
abscissae was corrected so that the separations 
of adjacent maxima due to a given component 
were all equal to unity. It was found that the 
first and second differences changed slightly in 
passing from one side of the fringe center to 
the other due to distortions, but as we might 
expect, these quantities remained the same for 
H'a and H*a. Therefore mean values were used 
for these two lines but for each side of the fringe 
center the appropriate mean values were taken. 
The arbitrary zero values from which the re- 
duced abscissae were calculated were chosen the 





mm 

















SPECTROSCOPIC 


| ie 


Fic. 2. Typical intensity curves. 


same for H'a and H’*a so that the curves for 
these two lines would have a relative displace- 
ment corresponding to the decimal part of their 
difference in order of interference. The whole 
number in this case was 6. 

With this final scale of abscissae the intensity 
curves were plotted over a range of one order, 
the successive orders being superposed on the 
same diagram. A typical example is shown in 
Fig. 2 where the three orders used on one side 
of the center are plotted in juxtaposition. When 
the fringes on both sides of the center had been 
plotted in this manner, the means of the ordi- 
nates for equal values of the abscissae were 
determined and used to plot a single curve 
known as the master curve for the line. In the 
case of plates, Nos. 31, 33 and 34, three fringes 
on each side of the center were used while for 
the remaining plates three fringes on one side of 
the center and two on the other were plotted. 
The omission of one fringe was due to a distortion 
in the optical system that affected the spacings 
of the outer fringes on one side of the center in 
such a way that it was impossible to bring them 
into accurate juxtaposition with the others by 
the use of second differences only. The master 
curves derived in this manner served as a basis 
for all succeeding measurements and calculations. 


REDUCTIONS AND OBSERVATIONS 


Theoretically the Ha line consists of five 
components whose calculated intensities are 9.00, 
7.08, 1.13, 1.00 and 0.20." These are shown in 
Fig. 1 of the succeeding article. For convenience 
of reference these components will be called 1, 
2, 3, 4, 5, in order of decreasing theoretical 
intensity. The purpose of the present work was 
to determine the difference in wave number 
between the corresponding main components of 


" W. V. Houston and Y. M. Hsieh, Phys. Rev. 45, 263 
(1934). 
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H'a and H’a. To evaluate accurately these 
differences in wave number, it was necessary to 
subtract from the master curve the three small 
components. The observations indicate that the 
theoretical intensities of these components are 
not to be closely relied upon. The selection of 
the intensities which were used for this purpose 
is discussed in the following paper. As the 
observations indicated no definite difference in 
relative intensity for the components of H'a and 
H*a, mean values for these two lines were 
determined and used in the reductions. 

If we assume that the intensities to be sub- 
tracted are known, there remain to be found 
the positions and forms of the curves corre- 
sponding to these components. Since the small 
components through blending affect the positions 
of the main components by at most about two 
percent of an order of interference, small errors 
in placing them are not important. They were, 
therefore, inserted in their theoretical positions 
as calculated from an assumed fine structure 
constant 1/a=138, referred to components 1 
and 2 after these had been freed by estimation 
from blends with the small components. 

The calculation of the forms of the curves to 
be subtracted was more complicated. The pro- 
cedure was as follows. Assuming a given compo- 
nent to be monochromatic, the intensity curve 
for its fringe system is 


J'(0)=7'(1+2r cos 6+---+2r" cos n6+---), 


where 6=2 times the order of interference; 
r=geometrical mean reflecting power of the 
interferometer plates; j’=a constant depending 
on the intensity of the source; /’(@)=intensity 
at order 6/27. The components were not mono- 
chromatic, but were widened due to a number of 
causes of which the Doppler widening due to 
temperature was predominant. We are, therefore, 
justified in assuming to a sufficient approxima- 
tion that the intensity distribution in a compo- 
nent is given by the expression e~“/“where w 
is measured in the same units as @. 

The resulting intensity distribution J(@) is 
given by 


rT 2 


J(@)= f ee"? J'(0—u)du 
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or 
J(0)=j(1+2rb cos 6+ ---+2r"b™ cos n6+---), 


where j=a(x)'j’ and b=e~**"*. 


For the spectrograms under consideration r was 
found to be 0.69 while ) was determined sepa- 
rately for H'a and H*a on each spectrogram. 
The method of determining } consisted in finding 
from the master curve the ratio of the maximum 
intensity of each of the two components to the 
intensity at a point one-tenth of an order from 
the maximum, care being taken to work on the 
side of the maximum least affected by the fainter 
components. Then by successive trials a value 
of 6 was found for which the ratios of the 
computed and observed values of /(@) agreed. 
With this value of 5, a table was calculated 
giving a typical fringe corresponding to the 
reflecting power of the interferometer and the 
line widening of the spectrogram. 

With the typical fringe determined, it was 
possible for any given intensities of the faint 
components (1) to multiply the ordinates by a 
suitable factor, (2) to shift the abscissae by 
amounts corresponding to the theoretical posi- 
tions of these components and (3) to subtract 
the resultant curves successively from the master 
curve. The result yielded a curve showing the 
two main components unaffected by the lesser 
ones to the extent that the assigned intensities 
were correct. 

With the two main components freed from 
the effect of the fainter ones, the next step was 
to locate the positions of their centers in terms 
of fractional orders of interference measured from 
the assigned zero positions common to both 
H'a and H’a. A single determination consisted 
in selecting an ordinate and taking the mean of 
the two corresponding abscissae. Seven such 
determinations were made for each component 
choosing equally spaced ordinates falling on the 
steep part of the curve. The mean of these 
seven values was taken as the center of the 
component. Then the separation between H'a 
and H?a in orders of interference could be found 
from either of the two strong components, the 
whole number being supplied from previous 
knowledge that with the interferometer spacing 
used it should be approximately 6.5. For the 
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first three plates the interferometer separation 
was 0.78190 cm while for the last three it was 
0.78179 cm. These values were used in calcu- 
lating the difference in wave number between 
H'a and H’*a. For the calculation of e/m the 
following modification of Birge’s formula was 
used : 
FRy.(H?—H') 


e;m= 


(Ry:—Ry.)H2(H!— =) 


The following values of the constants were used: 


H'!= 1.007775," 
H?= 2.01363," 


Ru = 109,677.759,8 
F=9651.1+0.8. 


The value of F given by Birge, 9648.9+0.7, was 
increased by 2.2+0.4 to effect the reduction to 
the Aston scale of atomic masses." 


RESULTS 


The collected results are contained in Table II. 
The values derived from plate 34 have been 
rejected from the means. This plate was obtained 
with the gas in the tube at unusually low 
pressure, in fact, the discharge ceased immedi- 
ately after the exposure had been made. The 
low pressure in the tube may account for the 
abnormally high intensity of the third compo- 
nent. With this high intensity there still re- 
mained distortions in the residual curve for the 
main components of H*a that could be removed 
only by increasing the third as well as the fourth 
and fifth components to such an extent that the 
residual curve would have had little value. In 
H'a this difficulty did not appear but owing to 
the greater temperature broadening in this case 
it might well be concealed. These factors together 
with the strongly discrepant value of the sepa- 
ration derived from the second component were 
considered sufficient reason for excluding this 
plate from the final averages. 

The results which we accept as most probable 
are contained in the last section of Table II. 
The intensities of the faint components recorded 
in this section are based on the discussion of 
intensities given in the succeeding paper. 

% Kenneth T. Bainbridge, Phys. Rev. 44, 57 (1933). 

1 W. V. Houston, Phys. Rev. 30, 608 (1927). 

4%] am indebted to Professor Birge for suggesting this 
correction to the value of the Faraday. 
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Plate number 31 33 


TABLE II. Spectroscopic data and values of e/m. 











34 40 41 42 Mean 
Intensity of 3rd 1.28 1.51 2.33 1.48 1.44 1.24 
Separation, from Ist 6.481 6.487 6.487 | 6.485 6.487 6.485 
2-6 e/m 1.7593 1.7576 1.7576 | 1.7580 1.7574 1.7580 1.758142 
5th=0 
Separation, from 2nd 6.484 6.484 6.475 | 6.481 6.487 6.485 
e/m 1.7585 1.7585 1.7609 | 1.7590 1.7574 1.7580 1.758342 
Intensity of 3rd 1.44 1.75 (2.57 | 2.00 2.04 1.78 
Separation, from Ist 6.481 6.486 6.487 6.488 6.490 6.486 
a e/m 1.7593 1.7579 1.7576 1.7571 1.7566 1.7577 1.757743 
5th=1 
Separation, from 2nd 6.484 6.483 6.475 6.482 6.488 6.485 
e/m 1.7585 1.7588 1.7609 | 1.7589 1.7571 1.7580 1.758242 
Intensity of 3rd 1.42 1.72 ( 2.56 1.92 2.00 1.73 
Intensity of 4th 0.58 0.69 (0.60 | 0.82 0.88 0.84 
Separation, from Ist 6.481 6.486 | 6.487 | 6.487 6.490 6.486 
5th= e/m 1.7593 1.7579 | 1.7576 | 1.7574 1.7566 1.7577 1.757843 
Separation, from 2nd 6.484 6.484 | 6.475 | 6.482 6.489 6.487 
e/m 1.7585 1.7585 | 1.7609 1.7588 1.7569 1.7574 1.7580+3 





In calculating the probable error of the 
definitive result, we must take account of the 
uncertainty in the intensities of components 4 
and 5. Lacking definite information we have 
assumed rather arbitrarily that the probable 
errors of these were in each case one-half the 
intensities themselves. A comparison of the 
means from the first and second sections of the 
table reveals a difference of 3 in the last place, 
corresponding to a difference in the strengths of 
components 4 and 5 equal to their theoretical 
values. In treating the fourth and fifth compo- 
nents together in this manner it might be 
suspected that there is some compensation 
between the effects of the two taken separately. 
Since their actual intensities need not differ from 
the theoretical values in the same ratio, this 
combined treatment might lead to a too opti- 
mistic view of the probable error. To test this, 
all the calculations were made omitting the fifth 
entirely and including the fourth. The result 
showed that the fifth alone did not change the 
separation by as much as one in the last place. 
Thus there is no appreciable compensating effect 
of the type mentioned. We may, therefore, take 
1.5 in the last place to be the probable error 
arising from the assumption of theoretical in- 
tensity. This combined with the accidental 
probable error and the probable error of the 





Faraday, which is one part in 12,000, gives the 
resultant probable error of 2.7 in the last place. 
Therefore, the definitive value is 


e/m= 1.7579+0.0003 x 107. 
Dividing e/m by e/My(9576.7 +0.8) we obtain 
My/m = 1835.6+0.2,. 


It should be noted in this last result that as the 
Faraday has been removed, it is no longer 
necessary to include its probable error. 

An inspection of the table shows that the 
results derived separately from the first and 
second components agree within the limits of 
accidental error. This gives some encouragement 
to the belief that the values derived are fairly 
free from systematic error. When in addition it 
is considered that the plates were taken under a 
variety of conditions of temperature and pressure 
with resulting strong variations in the intensities 
and sharpness of the various components and 
that no appreciable dependence of the results 
on these conditions is evident, we feel justified 
in thinking that the calculated probable errors 
describe closely the actual uncertainties in the 
results. 

The assistance of Dr. Norman S. Grace who 
collaborated during the early stages of the work 
is gratefully acknowledged. 
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The Fine Structure of Ha 


FRANK H. Speppine,* C. D. SHANE,t AND NorMAN S. Grace,{ University of California, Berkeley 


(Received November 5, 1%34) 


The fine structure of Ha was investigated using Fabry 
and Perot interference patterns produced in the light of 
ordinary and heavy hydrogen. The auxiliary spectroscopic 
dispersion was sufficient to separate the patterns of H'a 
and H*a. Accurate photometric methods were used in 
interpreting the spectrograms and a new method of 
analyzing the observed patterns was developed. Following 
are the principal results: (1) Three components of each 
line are directly observable, while the two remaining 
components predicted by theory could not be resolved. 
(2) The observational evidence indicates definitely the 


same relative intensities of the components for H'a and 
H*a. (3) The relative intensities insofar as they are deter- 
mined depart markedly from the theoretical values. 
These departures are consistent with the hypothesis of a 
diminished population of atoms in the 3D energy states. 
(4) The fine structure constant was determined yielding 
1/a=137.4+0.2. There is some evidence of systematic 
dependence of this result on conditions of excitation in the 
source so that the probable error overestimates the accu- 
racy of the result. The correct value probably lies between 
137 and 138. 





INTRODUCTION 


N a note published in the Physical Review! 

of July 1, 1933, we reported preliminary 
results on the fine structure separation of the Ha 
doublet derived from a study of the lines of 
ordinary and of heavy hydrogen. After elimi- 
nating as far as possible the effects of the fainter 
components, the separation was found to be 
0.324 cm~, leading to a value for the reciprocal 
of the fine structure constant 1/a=138. The 
spectrograms on which this report was based 
were secured with rather low pressure in the 
discharge tube, and it was felt that there might 
be some dependence of the results on this 
condition. Accordingly for a more complete 
study, spectrograms were taken with varying 
conditions of pressure. An improved optical 
arrangement was used to give more extended 
interference fringe systems, and finally the 
method of analyzing the photometric curves was 
considerably refined. The present paper reports 
the final results of this investigation. 

Since the publication of our preliminary re- 
sults, important papers on the subject by 
Houston and Hsieh? and by Williams and Gibbs* 
have appeared. From an analysis of the lines H8 


* Department of Chemistry. 

t Department of Astronomy. 

t Department of Physics. 

1 Frank H. Spedding, C. D. Shane and Norman S. Grace, 
Phys. Rev. 44, 58 (1933). 

*W. V. Houston and Y. M. Hsieh, Phys. Rev. 45, 263 
(1934). 

*R. C. Williams and R. C. Gibbs, Phys. Rev. 45, 475 
(1934). 
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to He in ordinary hydrogen Houston and Hsieh 
find a value of 1/a=139.9. They conclude that 
the theory of fine structure requires correction 
to reconcile their observations with the latest 
value given by Birge,* namely, 137.4. Williams 
and Gibbs, from a study of H'a and H’a, find 
doublet separations corresponding to values of 
1/a= 141.7 and 138.8, respectively. The results 
derived in the present paper are in close accord 
with Birge’s latest value. We feel that the 
difference between our results and those of the 
observers mentioned above may be largely 
explained on the basis of the more detailed 
method of analyzing the observations which we 


used. 


DESCRIPTION OF APPARATUS 


The source of illumination was a modified 
form of Wood's tube with a length of 150 cm 
between electrodes and an internal diameter of 
1 cm. The entire length of the tube including 
the electrodes was immersed in liquid air. The 
light to be photographed was taken longitudi- 
nally from the central 50 cm of the tube, and 
emerged through an extension projecting out of 
the liquid air. The source of hydrogen consisted 
of a few drops of water containing approximately 
equal parts of H' and H? furnished through the 
kindness of Professor G. N. Lewis. This water 
was contained in a small side tube which could 
be opened into the discharge tube by means of a 


‘Raymond T. Birge, Science 79, 438 (1934). 
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stopcock. In preparing the discharge tube for 
operation it was pumped with the discharge 
running for about a day. Toward the end it was 
flushed out several times by admitting small 
amounts of the water vapor. Just before starting 
a run water vapor was admitted, the tube was 
immersed in liquid air, and the discharge was 
started. It would run for about one second and 
then stop due to absorption of the hydrogen by 
the cold aluminum electrodes. The tube was 
then removed and the discharge turned on while 
the tube warmed up. Another charge of water 
vapor was admitted and the process was re- 
peated. At each stage the discharge at liquid air 
temperature would persist several times longer 
than at the preceding stage. After repeating 
the process a suitable number of times the 
discharge would continue for several hours. 

In all cases it was possible to regulate the 
relative intensities of H'a and H’a by admitting 
small amounts of the nearly pure gases’ from 
bulbs sealed on the apparatus for the purpose. 
On the other hand, considerable difficulty was 
encountered in maintaining the pressure at a 
value sufficient to give the two strong compo- 
nents of the lines with the theoretical relative 
intensities. When a fresh charge of gas was 
admitted to the tube during its operation the 
strong components would have nearly theoretical 
relative intensities but this persisted for only a 
few seconds. Probably this condition could have 
been maintained if a continuous flow of gas 
through the tube had been provided, but this 
was impossible owing to the small amount of 
heavy hydrogen available. Following Houston's 
procedure the last three plates were taken with a 
certain amount of helium in the tube in order to 
maintain sufficient pressure. This gave more 
nearly correct relative intensities for the strong 
components. 

Attempts were made to increase the sharpness 
of the lines by reducing the current and by an 
intermittent discharge on } of a second and off 
1} seconds. This resulted in no improvement. 
Finally the tube was run while immersed in 
liquid hydrogen. This was unsatisfactory because 
it was very difficult to maintain the discharge, 


5 We are greatly indebted to Professor G. N. Lewis who 
prepared some highly concentrated H? gas for this purpose. 


and no increased sharpness in the lines resulted. 

The tube was operated from a 15,000-volt 
transformer. At various times the current was 
measured and found to range between 25 and 
30 milliamperes with very little dependence on 
pressure. The difference in potential between 
the electrodes was, of course, much smaller than 
15,000 volts except at such times as the discharge 
was on the point of ceasing due to low pressure. 

An image of the source was focused between 
the plates of a Fabry and Perot etalon by a 
system of lenses arranged to give a fairly uniform 
illumination over a spectrograph slit length of 
1} inches. The reflecting power of the silvered 
surfaces of the plates was 0.69. A lens of 32 
inches focal length formed an image of the fringe 
system given by the interferometer on the slit 
of the spectrograph. This spectrograph is of the 
Littrow type possessing a plane grating of 6 
inches aperture and a lens of 30 feet focal length. 
The first order was used and the dispersion was 
such that H'a and H*a were separated on the 
photographs by 1 mm. Thus a slit width of 
practically this amount could be used without 
overlapping of the two lines. The photographs 
with this apparatus showed the two lines H'a 
and H’a as sections taken across the centers of 
their interference ring systems. The spacing of 
the interferometer plates, 0.782 cm, was chosen 
to give for each line the fringes of one of the two 
main components almost exactly midway be- 
tween pairs of adjoining fringes of the other main 
component. 


INTENSITIES OF THE COMPONENTS 


Six plates were selected for measurement and 
discussion. Of these, Nos. 31, 33 and 34 were 
taken with no helium in the discharge tube while 
for Nos. 40, 41 and 42 helium was introduced 
with a resulting higher total pressure. Determi- 
nations of the temperature of the source for each 
plate were afforded by the quantities 5, referred 
to in the preceding paper, which measure the 
sharpness of the main components of the Ha line. 
If it be assumed that all widening is due to 
temperature, a simple calculation yields a result 
which may be taken as an upper limit to the 
temperature. The results ranged between 160° 
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TABLE I. Master curves. 
Decimal of 31 33 34 40 41 42 
order of 
interference H'a H*a H'a@ H’a H'a H*a Hla H’a Hla H*a Hla H?a 
0.725 20.7 22.0 30.0 23.5 20.8 

.750 20.4 22.2 20.8 21.8 30.6 17.4 34.1 23.4 31.8 21.2 33.0 23.0 
.775 20.0 24.0 20.6 23.3 32.0 18.0 31.6 24.4 32.4 22.6 33.2 23.7 
.800 20.2 25.8 21.0 25.1 33.9 19.1 35.8 26.1 33.7 24.5 33.9 25.2 
825 21.6 27.4 22.5 26.6 35.8 20.8 37.1 28.7 35.4 27.3 35.2 27.6 
.850 23.3 29.1 24.5 28.4 37.8 23.4 38.9 32.1 37.4 30.7 36.9 31.0 
875 25.8 31.3 27.4 31.3 40.2 26.6 40.9 35.5 39.6 34.9 39.1 35.2 
.900 28.8 34.9 31.2 35.1 42.5 30.1 43.3 40.2 41.7 39.7 41.4 39.5 
.925 32.1 39.8 35.3 40.3 45.1 33.6 45.3 44.2 44.0 44.3 43.4 43.7 
.950 35.2 44.8 39.5 44.9 47.3 36.5 46.8 47.3 46.0 47.9 45.2 47.1 
? 


.975 37.6 48.8 42.4 48.2 49.0 
.000 38.9 51.2 44.2 49.9 50.0 
.025 39.6 49.7 44.6 49.0 49.8 
.050 39.0 45.2 43.7 45.4 48.2 
.075 36.8 39.2 41.6 39.8 46.0 


.100 34.0 32.8 38.6 33.1 43.2 
125 31.1 27.2 34.8 26.8 39.8 
.150 28.7 22.8 31.2 22.0 35.8 
175 26.8 19.4 28.4 19.0 32.1 
.200 25.6 17.4 26.4 17.1 28.4 
.225 24.8 16.3 25.5 16.0 25.6 
.250 25.1 16.0 25.4 15.8 23.8 
.275 26.2 16.4 25.8 16.2 23.2 
.300 27.5 17.4 26.8 16.8 23.8 
325 29.3 19.1 28.6 18.4 25.6 
350 31.5 21.3 31.1 20.5 27.9 
375 33.9 24.7 34.4 24.0 30.4 
400 36.8 28.4 37.8 28.9 33,2 
425 40.3 32.7 41.4 35.1 35.8 
450 43.3 36.8 45.5 41.0 37.8 
475 45.8 39.8 48.4 45.5 39.2 


625 34.5 24.8 36.2 26.3 35.4 
650 30.8 22.1 31.0 22.5 33,2 
675 27.2 20.8 27.0 20.6 31.5 
700 24.4 20.4 24.0 20.3 30.6 
725 22.5 21.2 22.0 20.5 30.4 
750 21.2 21.8 


38.7 48.1 49.3 47.3 50.4 46.5 49. 

39.8 48.9 50.0 48.1 51.1 47.2 50.0 
39.1 48.8 . 
37.1 47.6 46.0 46.0 46.8 46.0 46.4 
34.3 45.7 42.7 43.9 
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31.0 43.4 39.1 40.9 37.8 42.2 39.1 
27.5 40.9 35.6 37.8 33.5 39.3 35.3 
24.6 37.7 32.6 34.8 29.8 36.3 32.2 
23.3 34.7 30.5 31.9 27.5 33.7 29.6 
23.5 32.1 29.6 29.8 26.3 31.5 28.5 
25.4 30.2 29.8 28.6 26.3 29.9 28.2 
27.8 29.1 30.7 28.1 27.2 29.1 28.7 
30.2 29.4 31.8 28.5 28.4 29.3 29.7 
32.0 30.7 33.1 29.9 30.1 30.4 31.0 
33.6 32.7 34.7 32.0 31.8 32.4 32.5 
35.4 35.0 36.6 34.8 33.8 34.8 34.4 
37.2 38.0 39.0 37.9 36.2 37.8 36.8 
39.8 41.3 41.8 41.2 39.0 40.0 39.5 
43.1 44.3 44.4 44.2 41.1 43.8 42.0 
46.3 46.5 46.7 46.9 43.8 46.2 44.4 
48.7 48.1 48.8 48.9 45.9 47.9 46.? 
49.6 49.2 49.0 49.8 46.2 49.0 46.3 
48.5 49.4 47.8 49.8 44.8 49.1 45.2 
45.6 48.8 45.2 48.7 42.3 48.1 43.1 
41.0 47.3 41.6 46.7 38.7 46.6 40.3 
35.6 45.3 37.8 44.0 34.7 44.8 37.1 
30.5 42.9 34.0 41.3 30.5 42.6 33.6 
25.6 40.6 31.0 38.6 26.8 40.4 30.0 
21.7 38.7 28.0 36.1 24.1 37.8 27.2 
19.4 36.9 26.0 34.4 22.5 35.6 25.4 
18.1 35.8 25.4 33.2 21.7 34.4 24.3 
17.8 35.1 32.5 33.8 24.4 











and 322°, the low pressure plates yielding the 
lower temperatures. This is what might be 
expected from the superior conductivity of gas 
at the lowest pressure used. 

The preceding paper describes the photometry 
and reductions of these plates up to the point of 
finding the master curves. Table I gives the 
coordinates of points on the master curves used 
in this investigation. The method of removing 
from the master curves the effects of the three 
faint components for any assigned intensities 
has also been explained. It remains here to 
discuss in some detail the assignment of the 
intensities to be subtracted. 


Fig. 1° shows a typical master curve for H*a. 
If the three faint components did not exist, we 
should expect the fringes of each of the two 
strong components to possess symmetry about 
the vertical line passing through their maxima, 
while the two minima should have equal ordi- 
nates. The imposition of these three conditions 
on the residual curve formed by subtracting the 
three faint components should provide a means 
of finding the intensities to be subtracted. In 
practice it was found that the conditions were 
insensitive to components four and five in the 
sense that all three requirements could be 


* Dr. Harvey E. White kindly furnished this figure. 
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satished within observational error by assigning 
any reasonable intensities to these components 
and calculating the intensity of component three 
by least squares. It was also found that for this 
purpose the conditions of symmetry for compo- 
nent one had negligible weight compared with 
the other conditions. These considerations. led 
to the following method of treatment. 

Data derived from the master curve were used 
to calculate a typical fringe as explained in the 
preceding paper. The scale of ordinates was 
chosen to give an intensity 1/7.08 times the 
intensity of the second component. This latter 
intensity was derived by freeing the master curve 
by estimation from the effect of the third 
component which was the only important one for 
the purpose. Theoretically the five components 
have intensities 9.00, 7.08, 1.13, 1.00 and 0.20. 
Thus the typical fringe had an intensity 1.00 
based on the theoretical value for the second 
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Fic. 1. Fine structure of Ha. 


component. The ordinates of the typical fringe 
were multiplied by 1.69 thus giving 1.5 times 
the third component, the abscissae were dis- 
placed so as to bring the maximum to the 
theoretical position of this component and the 
resulting curve was subtracted from the master 
curve. This gave the first residual curve. 2.5 
times the third component was then subtracted 
from the master curve, giving the second 
residual curve. One times the fourth component 
subtracted from the first residual curve gave the 
third residual curve, and two times the fifth 
component subtracted from the third residual 
curve gave the fourth residual curve. 

Data were now taken from each residual curve 
as follows. The vertical distance between one of 
the two maxima and the highest minimum was 
divided into twelve equal parts. At each point 
of division the mean of the two abscissae on that 
fringe was calculated, thus giving eleven points 
each representing the center of the fringe for a 
particular ordinate. These points were plotted 
on a new chart and the resulting curve was 
known as a line of centers. The process was 
repeated for the other fringe of the master curve. 
If the three faint components had been properly 
removed the two lines of centers should be 
vertical and the reciprocals of their slopes should 
be zero. In each case the average slope recipro- 
cals, hereafter called ‘slopes’ for the sake of 
brevity, were determined omitting the upper one 
and lower two points which were of small weight. 
From these data for the four residual curves it 
was then possible to derive coefficients giving 
the change in slope for a standard change of 
intensity for each of the faint components. 
Using these coefficients and the slope of the line 
of centers for any one of the residual curves, a 
linear equation could be formed involving cor- 
rections to the three intensities used in the 
residual curve necessary to make the line of 
centers vertical. The fringe due to the first 
component was very insensitive to the faint 
components as regards slope of the line of centers 
and was therefore not used. The remaining 
condition, that the two minima should be equal, 
was imposed in much the same way, namely by 
the determination of coefficients and the deriva- 
tion of an equation. Thus there were, available 
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two equations involving corrections to the as- 
signed intensities of the three faint components. 
After much experimenting it was found that 
components four and five were indeterminate 
within the errors of observation, so that solutions 
were made only for component three based on 
hypotheses concerning the other two. This was 
done by least squares from the two equations, 
on the basis of different hypotheses concerning 
the fourth and fifth components. In this work 
the approximation of linear relationships be- 
tween the intensities of the faint components 
and the various observed quantities was made. 
This while not strictly true, was found by tests 
to be correct in the applications within the 
observational errors. The solutions obtained in 
this manner gave the most probable values for 
the third component on the basis of the adopted 
assumptions regarding the fourth and fifth. All 
intensities were calculated in units of the theo- 
retical intensity using the second component as 
a standard. The intensities of the third compo- 
nent are recorded in the first line of each section 
in Table II. An inspection of the values given in 
the first two sections reveals no differences 
between H'a and H’a exceeding the possible 
errors of determination. It was therefore decided 
to form the mean intensity for H'a and H’a in 
each case and to use these values in calculating 
the results listed in the remaining portions of 
the table. 

The intensities of the first component on the 
different plates were calculated on the assump- 
tion of theoretical intensity for the fourth and 
fifth and the corresponding measured intensities 
for the third. This was accomplished by sub- 
tracting from the master curve the faint compo- 
nents with these assigned intensities and meas- 
uring the heights of the maxima of the residual 
curve. Account was taken of the fact that the 
minimum of the fringe for each component 
added something to the maximum of the other 
component and must, therefore, be subtracted. 
The resulting intensities of the first component 
measured in terms of its theoretical value are 
included in the fourth section of Table II. 
Again the differences between the results for 
H'a and H*a do not exceed the observational 
errors. We conclude, therefore, that the compo- 
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nents have the same relative intensities in H'a 
and H?a. 

It is clear that all plates agree in giving 
intensities too low for the first component and 
too high for the third. This can be explained 
qualitatively if we assume a population of the 
3D energy levels less than would occur in 
thermodynamic equilibrium. The upper level 
for the first component is a 3D state while the 
second originates partly in a D state and partly 
in a P state (see Fig. 1). Thus, in accordance 
with the hypothesis, both components should be 
weakened but the first should be affected more 
than the second. This would give in the adopted 
scale of intensities a relatively faint first compo- 
nent. On the other hand the third component 
originates from P and S states for its upper level 
and should, therefore, not be weakened but, 
relative to the second, it should be strengthened. 
This is in accord with the observations. The 
fourth originates from a D state only, since the 
corresponding line from the P state is forbidden 
by the selection rules, and it should be weakened 
like the first. The fifth comes from the S state 
and should be strengthened relatively to the 
second. Briefly, the hypothesis of a diminished 
D population explains the weakened first and 
the strengthened third components and predicts 
weakened fourth and strengthened fifth compo- 
nents. 

When we examine the changes in intensity 
from plate to plate it is apparent that the 
weakening of the first component is accentuated 
on the low pressure spectrograms whereas no 
systematic effect is noted for the third compo- 
nent. The errors of observation may be large 
enough to mask the effect in the latter case, or 
there may be departures from the equilibrium 
populations of the P and S states capable of 
explaining this observation if we assume it to 
be correct. 

If the hypothesis of a diminished population 
in the 3D energy levels is correct, the fourth 
component should be affected in the same ratio 
as the first. We therefore assigned intensities to 
the fourth component on each plate bearing the 
same ratio to their theoretical values as were 
found for the first. These were used as a basis for 
the results which we regard as most probable. 
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TABLE II. 
Interferometer separation =0.78190 cm Interferometer separation =0.78179 cm 
—_* A 
on ‘’ ee ‘ 
31 33 34 40 41 42 Mean 
Plate number Ha He Ha Hw H'a H*a H'a H*ta H'a H*a H'a H*a H'a Hta 
Intensity of 3rd 1.31 1.25 1.46 1.56 2.39 2.27 } 1.72 1.23 1.11 1.77 1.39 1.10 
4th=0 Center of Ist 0.017 0.498 0.017 0.504 [0.511 —0.001| 0.504 -—0.009 0.504 —0.009 0.508 —0.006 
Sth=0 Center of 2nd 0.527 1.010 0.527 1.012 1.042 0.515 1.033 0.506 1.016 0.512 1.028 0.509 
Separation cm“ 0.326 0.327 0.326 0.325 (0.339 0.330} 0.338 0.329 0.327 0.333 0.333 0.329 0.3300418 0.32862 9 
Intensity of 3rd 1.54 1.35 1.76 1.74 2.78 2.36 2.29 1.70 1.90 2.18 1.91 1.64 
4th=1 Center of ist 0.027 0.509 0.025 0.512 |0.523 0.010; 0.508 —0.001 0.517 —0.004 0.513 0.001 
Sth=1 Center of 2nd 0.529 1.010 0.530 1.013 1.046 0.517 1.037 0.510 1.022 0.515 1.033 0.513 
Separation cm“ 0.321 0.320 0.323 0.320 (0.334 0.324) 0.338 0.327 0.323 0.332 0.333 0.327 0.3276422 0.3252414 
Intensity of 3rd 1.28 1.51 1.48 1.44 1.24 
4th=0 Center of Ist 0.017 0.498 0.017 0.504 |0.512 —0.001| 0.506 —0.009 0.502 —0.009 0.509 —0.006 
Sth=0 Center of 2nd 0.526 1.010 0.528 1.012 1.041 0.516) 1.028 0.509 1.021 0.508 1.026 0.511 
Separation cm“ 0.326 0.328 0.327 0.325 (0.338 0.330) 0.334 0.331 0.332 0.331 0.331 0.331 0.3300410 0.32964 9 
Intensity of 3rd 1.44 1.75 2.57 2.00 2.04 1.78 
Intensity of ist 0.59 0.57 0.67 0.71 0.61 0.59 0.81 082 0.86 0.91 0.83 0.85 
4th=1 Center of ist 0.028 0.509 0.026 0.512 |0.523 0.010; 0.510 —0.002 0.508 -—0.002 0.515 0.001 
Sth=1 Center of 2nd 0.527 1.011 0.530 1.013 | 1.042 0.517 1.031 0.513 1.025 0.513 1.030 0.515 
Separation cm 0.319 0.321 0.322 0.320 (0.332 0.324} 0.333 0.329 0.331 0.329 0.329 0.329 0.3268218 0.3262413 
Intensity of 3rd 1.42 1.72 f 2.56 1.92 2.00 1.73 
Intensity of 4th 0.58 0.69 0.60 0.82 0.88 0.84 
Sth=1 Center of ist 0.024 0.505 0.024 0.510 (0.519 0.006; 0.510 —0.003 0.507 -—0.003 0.514 0.000 
Center of 2nd 0.527 1.011 0.529 1.013 1.042 0.517 1.031 0.513 1.024 0.513 1.028 0.515 
Separation cm! 0.322 0.324 0.323 0.322 (0.334 0.327} 0.333 0.330 0.331 0.330 0.329 0.329 0.3276215 0.3270411 








PosITIONS OF MAIN COMPONENTS 


With given values of the intensities for the 
faint components it was possible to find the 
positions of components one and two by using 
the lines of centers. The means of the abscissae 
in each of these lines were formed omitting the 
upper one and the lower three points. This gave 
the center of the corresponding fringe. By 
comparing results from the different residual 
curves, coefficients were found relating changes 
in these centers to changes in the intensities of 
the faint components. A center found from a 
given residual curve combined with these co- 
efficients furnished a linear equation from which 
the center could be calculated for any intensities 
of the first component. In this manner the 
centers of components one and two were deter- 
mined on the basis of the adopted intensities. 

The lines headed ‘“‘center of 1st’’ and “center 
of 2nd” in each section of Table II give the 
positions of the fringe centers determined in this 
way on the basis of the various hypotheses 
concerning the faint components. The differences 
between fringe centers for the first and second 
components when divided by twice the inter- 
ferometer spacing yields the separation in wave 
numbers for the two strong components. These 
values are given in the last line of each section. 
For the reasons given in the preceding article 


the data derived from plate 34 have not been 
included in the means. 


DISCUSSION OF RESULTS 


It is clear from the results quoted in the table 
that there is no appreciable difference in doublet 
separation for H'a and H*a. This is in disagree- 
ment with the results of Williams and Gibbs 
who find 0.308 and 0.321 for H'a and H’a, 
respectively. We feel, however, that our treat- 
ment possesses certain advantages over theirs, 
particularly with reference to our spectrographic 
separation of H'a and H’*a and to our more 
detailed analysis of the intensity curves of the 
fringe systems. 

We regard as the most probable value of the 
separation the weighted mean of the values for 
H'a and H’a taken from the last section of 
Table II, the weights being 1 and 2, respectively. 
From the formula’ 


a® = (1296/73) (Av/R) 


we find i/a=137.4+0.2. The probable errors 
quoted are calculated values based solely on the 
accordance of the observations and understate 
the uncertainty of the results. There appears to 


7See Ruark and Urey, Atoms, Molecules and Quanta, 
p. 135 for the term values used in deriving this equation. 
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be a distinct systematic difference between the 
separations depending on the pressure used in 
the source. It is conceivable that this is real. 
On the other hand it may be due to wide varia- 
tion in intensities of the unresolved components. 
If we assume that the fourth and fifth compo- 
nents have zero intensities on the low pressure 
plates and theoretical intensities on the high 
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pressure plates, the systematic difference is 
greatly reduced. The only conclusion to be drawn 
at present from this difference is that the 
uncertainty of the separation must be much 
greater than is indicated by the calculated 
probable errors. Our best estimate of this 
uncertainty may be expressed by saying that 
1/a probably lies between 137 and 138. 
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Are the Formulae for the Absorption of High Energy Radiations Valid? 


J. R. Oppennermer, University of California, Berkeley 


(Received November 12, 1934) 


In this paper we consider the discrepancies between 
theoretical prediction and experiment for the absorption 
of cosmic-ray electrons and gamma-rays. By applying a 
strict criterion for the validity of classical electron theory, 
it is possible to derive new formulae for impact and 
radiative energy losses of high energy electrons, which 
may be regarded as theoretical lower limits for these 


1. THE THEORETICAL FORMULAE 


HE question of the validity of the theoretical 
formulae for the absorption of high energy 
radiations has been brought to a new prominence 
by recent experimental and _ theoretical re- 
searches. On the one hand the observation of the 
cloud chamber tracks of cosmic rays has made it 
possible to extend our knowledge of the specific 
ionization and energy loss of electrons from 
particles of a few million volts on up to a few 
billion.t On the other hand two mechanisms of 
absorption, increasingly important at high 
energies, have been carefully investigated the- 
oretically * the pair production by gamma-rays, 
and the radiative energy losses of electrons. The 
question of whether the formulae derived for the 
probability of these processes, and the more 
familiar formulae for the ionization and impact 
energy losses of fast electrons, should hold for the 
very high cosmic-ray energies, has often been 


discussed, and has been explicitly studied by v. 


1C. D. Anderson and S. H. Neddermeyer, International 
Conference on Physics, London, 1934. 

2H. Bethe and W. Heitler, Proc. Roy. Soc. A146, 83 
(1934). 


quantities, and which are in far better agreement with 
experiment than the formulae given by an_ uncritical 
application of quantum mechanics to these problems. 
These limitations on classical electron theory are consistent 
with those given by possible unitary classical field theories, 
but are more incisive than those given by the unitary 
theory of Born. 


Weizsaecker* and by Williams.‘ The conclusion 
to which these researches have led is that the 
formulae should remain valid. The experiments, 
however, do not speak for this. We want here to 
reconsider the question in the light of this dis- 
crepancy. 

The predictions of the theory are these: (1) 
The specific primary ionization of an electron 
(or positron) should pass through a minimum as 
the energy of the electron increases, and should 
increase slowly with the energy throughout the 
entire range of cosmic-ray energies. If the veloc- 
ity of the electron be v=§c, then the specific 
ionization should vary® with v according to 


(1/6*)[In ¢8+1n (k/a) — $87] 


with e=(1—67)-$; a=e*/hc. (1) 


Here & is a constant of the order of 10, depending 
on the f-values of the atomic electrons of the 
matter through which the ray is passing. Ac- 
cording to this formula one has to expect an 


*v. Weizsaecker, Zeits. f. Physik 88, 612 (1934). 

*E. J. Williams, Phys. Rev. 45, 729 (1934). 

Se.g., H. Bethe, Handbuch der Physik, XXIV, 1, 2nd 
edition, 1932. 
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increase of the ionization in air, which amounts 
to seventy percent when the energy of the elec- 
tron rises from three million to a billion volts. 

Often it is not the primary ionization which is 
observed, but the “probable” ionization :* the 
total ionization produced by the primary and by 
secondaries with energies less than ¢’mc® (in 
practice e>a™*, e’ <1). This probable ionization 
is measured roughly by the total energy loss to 
secondaries of energy <’mc*, and increases with 
« less rapidly than the primary ionization, since 
the increase in ionization comes chiefly from 
secondaries of very low energy. For the probable 
ionization we have instead of (1) 


(1/8) {In (Be) +1n (Riv €’/a*) — $6}, (1a) 


with k;~2.5 for hydrogen. 

(2) An electron passing through matter will 
be accelerated by the nuclear fields, and will 
radiate. If ¢, is the differential cross section of a 
nucleus for radiation of a quantum of energy /y, 
one may define a cross section for energy loss 


v9 
o= (1 ro) f o,vdv; vo=emc*/h. 
0 


This has been computed by Heitler and Sauter’ 
for a model in which the nuclear field is taken to 
be the Coulomb field of a charge Ze: 


o=4aZ"p?(In 2e—4), with p=e?/mc*, (2) 


a result valid for «1. These calculations have 
been extended by Bethe and Heitler to the case 
of a nuclear field screened externally by the 
statistical charge distribution of the atomic 
electrons. With this model ¢ does not increase 


indefinitely, but approaches, for «>, an 
asymptotic value 
4aZ*p*{ In (183/Z4)+1/18 ]. (3) 


For energies above 10* volts ¢ does not differ 
seriously from its limiting value (3). Essentially 
these same results have been derived by v. 
Weizsaecker by a method which we shall have 
to consider in detail. 

(3) Gamma-rays of high energy will produce 
pairs in nuclear fields. Bethe and Heitler have 
carried through the calculations of the cross 


*E. J. Williams, Proc. Roy. Soc. A135, 108 (1932). 
7 Reference 2. 
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section for pair production in the fields of un- 

screened and screened nuclei, and find 
a= 4aZ*p*[ 7/9 In 2e— 109/54], 
¢=4aZ"p*[7/9 In (183/Z) — 1/54]. 


(4) 
(5) 


All of these calculations are approximate, for the 
effect of the nuclear field is treated as small, and 
the formulae obtained are to be regarded as the 
first terms in a series of powers of aZ. Complete 
calculations which do not involve this approx- 
imation have not been made; but by using the 
wave functions of Furry’ it is at least possible to 
see that the error involved does not become 
progressive as the energy increases, that, for 
example, no terms of the form aZe occur; and 
this conclusion, as Williams has observed, follows 
also from the argument of v. Weizsaecker. The 
formulae (4) and (5) have thus to be regarded as 
legitimate approximations for small Z, no matter 
how great the energy. In the case of pair pro- 
duction ¢ is known to be quite accurately pro- 
portional to Z* for gamma-rays of energy 2.6 
and 5.4 million volts ;* and it appears from this 
that one may expect (5) to hold without serious 
error even for heavy elements. 


2. THe EXPERIMENTAL EVIDENCE"? 


According to (3), a beam of high energy elec- 
trons should have a good part of its energy con- 
verted into gamma-radiation in a centimeter of 
lead; in an equal distance this gamma-ray will 
be largely reconverted into pairs. The two 
mechanisms together therefore furnish a very 
rapid mechanism for the degradation and ab- 
sorption of electrons, positrons or gamma-rays, 
an absorption which deviates strongly from a 
mass absorption law. It is therefore possible to do 
justice to the great penetration of the cosmic 
rays only by admitting that the formulae are 
wrong, or by postulating some other and less 
absorbable component of the rays to account for 
their penetration. 

Other arguments lead to this same alternative. 
Thus it is possible to observe the ionization of 


*W.H. Furry, Phys. Rev. 46, 391 (1934). 

*E. McMillan, Phys. Rev. 46, 868 (1934). 

1° Such clarity as there is in this account of the experi- 
mental situation I owe entirely to Dr. Anderson and Mr. 
Neddermeyer, who have with great patience explained to 
me just what the evidence is, what it indicates, and how 
little it proves. . 
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cosmic-ray tracks in cloud chambers. This has 
been done by Anderson and Neddermeyer and 
by Kunze," who fail to find evidence for the in- 
crease in ionization with ¢ predicted by (1). 
According to Dr. Anderson, estimates of two 
. kinds have been made: 

(a) Estimates of the density of thin tracks, 
which should give the primary ionization, for 
which (1) holds. Although a seventy percent 
difference in density for low energy §-particles 
could be detected, no difference could be de- 
tected for tracks varying from a few million to a 
few billion volts. 

(b) Actual counts on diffuse tracks. Here it is 
the total ionization produced by primary for 
secondaries of energy below some value E which 
is measured. E is determined by the fact that 
when an energetic secondary is curled up in the 
magnetic field, it makes the separate counting 
of the drops impossible. E probably lies between 
10° and 10° volts. For this “‘probable’’ ionization 
we have instead of (1) to use (la). Here again 
there is no large increase’ in ionization with e. 
A small increase might still escape detection. 

It would thus seem necessary to say, either 
that the increase of ionization predicted by (1) 
or (la) does not occur, or that all of the high 
energy tracks by Anderson are made by protons. 
This second alternative, which has been seriously 
advocated by Williams,‘ meets with the diffi- 
culty that there are tracks (with an Hp corre- 
sponding to a 5 X10* volt electron, for instance) 
for which one would expect an ionization ob- 
servably greater than the minimum, whether 
they are made by electrons or protons. But the 
uncertainties in the ionization observations do 
not make it possible to exclude the possibility 
of protons completely. 

Anderson and Neddermeyer' have made stud- 
ies of the energy losses in lead plates. For tracks 
of not too high energy (~3X10* volts), the 
energy loss can be directly measured. There is 
good evidence for large energy losses, which are 
almost certainly radiative. The losses are smaller 
than one would expect from (3). But the number 
of tracks is small; large fluctuations are to be 
expected ; and it is not certain, though it is prob- 
able, that the formula (3) gives too high a result. 


1 P, Kunze, Zeits. f. Physik 83, 1 (1933). 
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With higher energy tracks, where energy losses 
are not directly measurable, one can still con- 
clude that, if the tracks are made by electrons 
(and positrons) both (3) and (5) cannot be right, 
since one does not observe at all that multiplica- 
tion of tracks by gamma-radiation and pair pro- 
duction which (3) and (5) would predict. 

Against the hypothesis that these high energy 
tracks are made by protons, positive and nega- 
tive, there are two further arguments. In the 
energy range where one can unambiguously 
distinguish between electronic and protonic mass, 
protons are an extreme rarity, and although 
positive and negative curvatures occur with 
about equal frequency for the high energy tracks, 
no definitely recognizable negative protonic 
tracks have been seen. The second argument 
concerns the production of high energy secondary 
electrons. The number and distribution of these 
corresponds to what we should expect for pri- 
maries of electronic mass, and can hardly have 
been produced by protons of the observed distri- 
bution in Hp. It does not seem likely that protons 
are important in the energetic part of the cosmic 
radiation. 

Little evidence exists for the validity of the 
theoretical formulae for pair production by 
gamma-rays of very high energy. The theoretical 
formulae hold quite well up to energies of 10’ 
volts, but beyond that there are no definite tests 
of the formulae. Gilbert” has, however, meas- 
ured the absorption coefficient of the shower 
producing components of the cosmic rays. This 
absorption follows the Z? law; and the radiation 
is probably a gamma-radiation. The total ab- 
sorption found by Gilbert is, however, only 
one-fourth of that to be expected from (5) for 
single pair production alone. 

It is with this experimental evidence in mind 
that we wish to reexamine the question of the 
validity of the theoretical formulae. We shall see 
that when we restrict ourselves to those contri- 
butions to the formulae where the applicability of 
theory cannot be held in doubt, we obtain re- 
sults to be regarded as theoretical lower limits 
for the probability of the processes in question— 
which in every case differ radically from the 
corresponding formulae of Section 1. For radia- 


2 C. W. Gilbert, Proc. Roy. Soc. Al44, 559 (1934). 
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tive losses, for the probable total ionization, for 
pair production by gamma-rays, the modifica- 
tions in the formulae appear to resolve satis- 
factorily the discrepancies with experiments. 
This is probably not true in the case of primary 
ionization, for which the modified formulae still 
call for a detectable increase in the range of 


cosmic-ray energies. 


3. THe Limitations oF CLASSICAL ELECTRON 
THEORY 


The origin of the critique of the theoretical 
formulae lies in classical electron theory. The 
domain of applicability of this theory is limited 
to problems in which an unambiguous separation 
of the field of the electron itself and the external 
field acting on it is possible: in which, that is, 
the effect of the proper field is with good approxi- 
mation given by the inertia of the electron, and 
in which the radiative reaction of the electron 
may be treated as a small correction. Thus we 
may consider the expansion given by Lorentz" for 
the proper force of an electron, taken momen- 
tarily at rest, and considered as a distribution of 
charge, spherically symmetric, and limited to a 
region of order of magnitude p=e*?/mc*: 


F=mi+ 2X /3A0+O0(8p'X /c*). (6) 


The condition that the terms in this series de- 
crease rapidly is then that 
‘X p/X¥cKl, +> 


/ 


* p/icK1; 


etc. The frequencies of the motion of the electron 
must therefore be small compared to ¥ = mc*/e’. 
When the external forces are in this sense slowly 
varying, classical electron theory can be un- 
ambiguously applied. 

This condition : that the radiative reaction be 
small compared to the inertial reaction—and 
thus the external ponderomotive force—does not 
depend on the choice of reference system; in fact 
the usual method of computing the radiative 
forces in a system in which the electron is not at 
rest is to transform 2e?/3c*X% by a Lorentz trans- 
formation, under which all terms of (6) trans- 
form similarly. But only in a coordinate system 
in which the electron is substantially at rest 
(1—§?~1) can the criterion for the applicability 


18H. A. Lorentz 


Theory of Electrons, p. 252. 
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of electron theory be put simply as the condi- 
tion that the fields acting on the electron shall 
not vary much in a time r=1/¥. 

Since the formalism of the Dirac electron 
theory and the quantum theory of the field may 
be regarded as a natural quantum theoretic 
generalization of the dualistic classical electron 
theory, one may expect that this formalism too 
will fail in the same region as its classical counter- 
part. The fact that a relativistic quantum theory 
is possible at all depends then essentially upon 
the smallness of a, which gives the relative mag- 
nitude of successive terms in (6) for the frequen- 
cies ~ mc? /h characteristic of relativistic electron 
theory. Since, in the problem of the energy losses 
and radiation of very high energy electrons, 
energies corresponding to frequencies 27 neces- 
sarily occur, the question of the validity of the 
theoretical formulae requires investigation. 


4. APPLICATION TO THE CLASSICAL THEORY OF 
ENERGY Loss" 


One may treat the ionization and energy loss 
of a fast electron by computing the probability 
of transition induced in the atomic systems by the 
field, calculated classically, of the (undeflected) 
primary ; for all impacts in which the momentum 
transfer is small compared to the primary mo- 
mentum this treatment is fully justified; and it 
is the probability of these impacts which can be 
observed by studying the primary and ‘probable’ 
ionization of the electron tracks. The components 
of the primary field responsible for this ioniza- 
tion are low frequency components, for which 
v<v; the secondary electron, in these impacts, 
never attains velocities very close to that of light, 
and if only these low frequency components 
acted on the electron, there could be no question 





4 The question of the energy losses of very energetic 
electrons - been much considered by Swann, who has 
also emphasized that with increasing « the radiative forces 
may increase enormously. The present treatment differs 
from Swann’s in two essential points: (a) Swann concludes 
that when the radiation computed classically would be 
equal to the energy transferred, no transfer at all will 
occur, whereas we argue that the magnitude of the radia- 
tion reaction merely makes classical electron theory in- 
applicable. (b) Swann assumes that for large « the radiative 
reactions are large for all impacts, whereas we find this 
true only for impacts with parameter Ay tax = This is 
why we find a finite constant lower limit for the energy 
loss, instead of concluding, as does Swann, that it should 
vanish as e+. We do not believe that the vanishing of 
the energy loss can be justified by any electrodynamics. 
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of the validity of the theoretical formulae. It 
is substantially this argument which has so often 
led to the conclusion that the formulae should 
hold.“ The cogency of this argument can, how- 
ever, be questioned. The argument may be for- 
mulated in this way: Assume the validity of 
theory to describe the reaction of the electron to 
all components, high as well as low, to the field, 
then we can show that the high frequency com- 
ponents contribute nothing to the probability 
of the processes—small energy transfers—in 
which we are interested. Then for the low fre- 
quency components alone there is no question 
of the validity of theory. But to establish this 
it is necessary to assume the validity of the 
theory also for the high frequency components, 
and this assumption cannot be justified. The 
condition for the rapid convergence of (6) is a 
condition on the total motion of the electron, and 
thus on the whole external field acting on it, 
and we must be prepared to find that the pondero- 
motive force acting on the electron cannot, 
when rapidly varying fields are involved, be 
taken simply as the sum of the forces exerted by 
the separate Fourier components. It is in this 
point that we differ from v. Weizsaecker and 
from Williams; and it is only by insisting on this 
that we can understand at all why the theoretical 
formulae can fail. 

We are here making a distinction, which in 
the domain of classical electron theory does not 
need to be made, between the external field 
strengths computed by classical theory, and the 
ponderomotive force, which is of the same general 
character as that developed by Born" in his 
modified unitary electrodynamics. Such a dis- 
tinction is possible only in a theory in which the 
field equations are not linear, since for a linear 
theory it would follow from the conservation 
laws that the ponderomotive force of the sum of 
two fields is the sum of the ponderomotive forces 
of the separate fields. The existence of such 
nonlinearities seems, however, inevitable in 
any theory which would account for the specific 
stability of the electron ; and it may be remarked 
that the theory of the positron, even in its present 





% Reference 6; J. F. Carlson and J. R. Oppenheimer, 
Phys. Rev. 41, 763 (1932). 

%M. Born, Proc. Roy. Soc. A143, 410 (1934); M. Born 
and L. Infeld, Proc. Roy. Soc. Al44, 425 (1934). 
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incomplete form, involves such nonlinearities 
for the field equations. 

In the following discussion we shall then sup- 
pose—in distinction to v. Weizsaecker and 
Williams—that whenever high frequency com- 
ponents are present in the external field with an 
amplitude comparable to that of the low fre- 
quency components, the application of electron 
theory becomes dubious. To the question of the 
application of Born’s electrodynamics to these 
problems we shall return in Section 7. 

The normal component of the electric in- 
tensity in the field of the primary which is 
responsible for the greater part of the ionization, 
is given by the Fourier resolution : 


gm femede, with 
mwiev 


2? 





= Hy (vpi/ev)-e-**!", (7) 
Here p, the impact parameter, is the distance 
from the track, z is measured along the track and 
=0 for t=0, and again e=(1—?)~!, and v is the 
primary velocity. The components of frequency 
v= vare large near the track, and begin to fall off 
rapidly as p>p=e/y~ep. & maximum at Pp is 
mc>/e’ev, and thus for «€>1, the field is always 
weak. We may, however, expect that for impacts 
in which the field within # is of importance 
the theoretical calculations can give totally 
wrong results. In a purely classical calculation 
of the energy loss, the omission of such impacts 
has the effect of introducing a lower limit p for 
the impact parameter, and thus gives an energy 
loss which does not increase with ¢; instead of the 
classical formula of Bohr: energy losses < mc? 


~ (42re*/ mv*) In (emv®/e*w), (8) 


(w the resonance frequency of the atomic elec- 
trons), we obtain 


~ (42e*/mv*) In (mv? /e*w). (9) 


The increase in energy loss which comes from 
the equatorial flattening of the field, and the 
consequent increase in the upper limit of the 
impact parameter (Pmax.~ve/w), is compensated 
by the decrease in close impacts. The impacts 
which are excluded by taking / as a lower limit 
for the impact parameter involve relatively large 
energy transfers; but for «~100 transfers of 
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energy of the order of 20 volts are being excluded. 
We might therefore suppose that for primary 
energies >5 X10’ volts, the observed ionization 
will no longer increase with energy. To the 
difficulties in extending these considerations to a 
quantum theoretic calculation of ionization we 
shall return later. In the problem of radiative 
losses these complications do not arise. 


5. APPLICATION TO RADIATIVE LOssEs 


In the treatment of radiative losses one con- 
siders the probability of radiation of an electron 
(or positron) when it is accelerated in the screened 
field of a nucleus—a field given (very roughly) by 
the potential 


V=Ze{1/r—1/ro} for r<ro 
=(0 for r>ro 


with ro= h?/meZ}. 


The frequencies of the radiated energy are of the 
order emc*/h; the velocity of the electron is large, 
and here again it is not at once clear whether 
classical electron theory should be applicable. 
To simplify the consideration of this question, 
v. Weizsaecker has considered the problem in 
another coordinate system: that in which the 
impinging electron is at rest. This electron is now 
accelerated by the field of the passing nucleus, 
and will radiate. One needs, however, in this 
coordinate system to consider frequencies for the 
emitted radiation which are of the order of 
mc*/h; and in this system, for such radiative 
processes, the electron never attains an energy 
very large compared to mc*. The situation is 
thus quite analogous to that in the problem of 
ionization: the components of the field of the 
passing nucleus which one needs to consider are 
<v, and this in a coordinate system where the 
electron does not attain a velocity very close to 
c. Here again, in the classical treatment of the 
problem, there are impacts for which the field 
acting on the electron varies rapidly in a time 
7=1/”, and for which therefore we must call in 
question the validity of the electron theoretic 
treatment. 

v. Weizsaecker has in fact shown that one may 
give a semi-classical treatment of the problem, 
for e—«, which leads to (2) and (3). In this 
treatment one introduces again an impact 
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parameter p, considers the radiation for an elec- 
tron initially at p, and integrates over p. This 
treatment can be justified for such values of p 
that the field of the nucleus is there varying 
little over a wave packet which is large enough 
to permit a fair definition of the momentum 
change of the electron during this impact; such 
wave packets are large compared to h/mc; and 
one thus concludes that for values of p»>h/mce 
the method may be used. For p<h/me the field 
varies rapidly; and v. Weizsaecker shows that 
for such impacts we may expect little radiation. 
Thus A/mc is roughly the lower limit of the 
impact parameter. For an unscreened nucleus 
the percentage error introduced by the necessary 
vagueness Of Pmin. vanishes with «e+; for a 
screened nucleus it does not, but remains of the 
order 4/mcro. This is because, for an unscreened 
nucleus, the outer limit of the impact parameter, 
determined by the condition that the impact 
time be not too long compared to //me’*, in- 
creases with e; whereas for the screened nucleus 
it remains = fo. 

For €>1, p>h/mc, the field of the nucleus 
can now be represented with good approxima- 
tion as the superposition of plane electromagnetic 
waves traveling parallel to the nucleus; the am- 
plitude of these waves is given, from (7), by 


&,~ (rivZe/2ec*)H,™ (ivp/ec). 


The radiative losses can thus be regarded as 
arising from the scattering of these waves; and 
for the treatment of this v. Weizsaecker uses 
the formula of Klein-Nishina—the result is 


¢~4aZ*p*[ In pmax, —In Pmin, | 


~4aZ*p* In « for no screening (3a) 


~4aZ*p* In (1/aZ?) screening. (4a) 


The justification for regarding these formulae 
as valid for large « v. Weizsaecker finds in the 
circumstance that only components of the 
nuclear field and the radiation field for which 
v<v play a part in these results. 

We have, however, to remember that for im- 
pacts for which p<p=ep, the impact time is 
short compared to 7, and frequencies >¥ appear 
in the field acting on the electron. They do not 
contribute directly to the probability of radiative 
losses, but their presence makes the application 
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of electron theory and the use of the superposi- 
tion principle for the force on the electron ques- 
tionable. If we omit altogether the contribution 
of these impacts, we have again to introduce a 
new lower limit for p, f=«p. For «>137, p 
>h/mc, and we find smaller radiative losses 
than those given by (3a) and (4a): 

o~4aZ*p? In (1/a) no screening, (3b) 


~4aZ*p? In (1/a*Z'e) 
screening. (4b) 
~0 for «>~a*Z-! 


6. DiscUSsION : APPLICATION TO PRIMARY 
IONIZATION 


Formula (9) for the ionization energy losses, 
and (4b) for radiative losses (and presumably 
y-ray pair production), have been derived by 
neglecting all contributions from those impacts 
to which classical electron theory may not 
certainly be applied; they thus give us lower 
limits for the effects to be expected in fact, since 
it is possible (and for some problems certain) that 
some contribution will come from these ‘fast’ 
impacts which cannot at present be rigorously 
treated. 

These lower limits (4b) and (9) differ signifi- 
cantly from (4a), (8), the theoretical formulae 
obtained by applying present theory to all 
impacts. For in (9) there is no increase with e 
of the low energy ionization energy losses. Ac- 
cording to (4b), moreover, the probability of 
radiative losses (and pair production by y-rays) 
begins to decrease for ¢«>137, and vanishes al- 
together for «~(137)*Z-', or 10°10" v. In 
spite of the rough nature of these conclusions, 
and the tentativeness of the experimental re- 
sults, we may thus say that the discrepancies 
between theory and experiment which appear 
to exist when we use the theoretical formulae of 
Section 1 disappear when we leave out of con- 
sideration those processes where the application 
of present theory is dubious. 

In the classical calculation of energy transfer, 
we have seen that the limitation on the impact 
parameter p> leaves out all impacts in which 
large energies are transferred to the secondary. 
The number and distribution of the secondaries 
with energies E’>mc*, E’<emc*, has been studied 
by Anderson and Neddermeyer.' They find good 
agreement with the classical formula for the 
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probability of production of such secondaries: 

od E' = (xe*/mc*) (dE'/E”). (10) 
(In the range investigated the interchange terms 
by which the quantum theoretical formulae 
differ from (10) are negligible.) The number of 
secondaries is small, and the observed energy 
has to be corrected for energy loss; nevertheless, 
these experiments give no evidence of a discrep- 
ancy here between theory and experiment, and 
show that high energy secondaries are produced, 
and with frequency that can hardly be less than 
that predicted by a factor of two. These secon- 
daries are produced in impacts to which we should 
not expect electron theory to apply; and the 
approximate validity of (10) cannot be justified 
from our point of view. What the experiments 
themselves seem to show is that the theoretical 
predictions for the number of high energy secon- 
daries are not more seriously in error than those 
for low energy secondaries. 

The classical treatment of small energy losses 
cannot be justified quantum theoretically. For 
one cannot make wave packets which at the same 
time define precisely enough the momentum of 
the electron (AP < amc) and over which the field 
varies relatively little, except for values of the 
impact parameter p>h/mca; and impacts for 
smaller p contribute essentially to this energy 
loss. One can, however, formally obtain the cor- 
rect quantum theoretic answer for the energy 
by introducing as a lower limit for p not p 
but &/mc." If we do this but introduce p as a 
further lower limit, we find that the low energy 
losses (E’ <mc*) increase with « till e~137, and 
then remain constant. 

When «>a™, p>h/mca, classical calculations 
can be made for all impacts for which p>#, 
since in this region the problem of energy trans- 
fers can be treated as a pure dispersion problem. 
If now we again take p as a lower limit for the 
impact parameter, we find that the primary 
ionization approaches, for «>, a finite limit, 
and in place of (1) obtain: 

~In (a~*) for &>a™. (11) 


This gives a primary ionization about 70 percent 
greater than the minimum value of (1). The 
corresponding result, for «>, for the total 
energy loss <mc*, is given essentially by (9). 


17F, Bloch, Ann. d. Physik 16, 285 (1933). 
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This limiting value is roughly equal to the mini- 
mum value of the classical expression for this 
energy loss, and is about 25 percent greater than 
the minimum of the corresponding -quantum 
theoretic value. These results are again to be 
regarded as lower limits, for «>, since in their 
derivation impacts with p< have been omitted 
altogether. 

To find the course of this increase of ionization 
with e, we should have to treat wave packets so 
large that in a part the field was rapidly varying, 
and in the rest slowly varying. A simple but 
hardly adequate way to do this is to set the 
field of the primary zero within p; this procedure 
in the classical calculation leads of course to (9). 
If we do this we find that for «<a~*, formula (1) 
should hold. 

These conclusions help somewhat to mitigate, 
but do not resolve, the discrepancies between 
theory and the cloud chamber observations of 
ionization. In spite of the qualitative character of 
(11), we think it certain, both that electrons of 
arbitrarily high energy will give a primary 
ionization measurably greater than the minimum 
value, and that for large ¢ the increase predicted 
by (1) cannot be regarded as theoretically es- 
tablished. 


7. RELATION TO CLASSICAL UNITARY ELECTRON 
THEORIES 


In Section 3 we have formulated a condition 
for the validity of electron theory: that the suc- 
cessive terms in the Lorentz expansion (6) 
should diminish rapidly, that in particular, the 
radiative reaction should be small compared to 
the inertial reaction. The ground for the neces- 
sity of this limitation is that the stability of the 
electron itself is not to be understood on the 
basis of Maxwellian electrodynamics: non- 
Maxwellian forces must be assumed to account 
for the stability; of their nature, apart from 
this, we know nothing; and it is therefore not 
possible to take the reaction of the electron to 
these forces into account in detail; we have to 
confine ourselves to those problems in which the 
effect of these forces is given essentially by the 
inertial reaction of the electron which must 
then for stability be equal to the external pon- 
deromotive force. In any classical theory which 
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accounts for the electron's stability, the limita- 
tions we have discussed could be removed. 

Recently Born has proposed a modification of 
Maxwellian electrodynamics in which the elec- 
tron itself appears as a possible (if not unique) 
singular solution of the field equations of finite 
energy = mc*. When the electron is subjected to 
an external field, its motion can be deduced from 
the conservation laws for energy and momentum, 
which are to hold in spite of the fact that the 
field equations, from which they may in general 
be deduced, fail to hold along some world line— 
the electron’s path. One has thus a consistent 
classical theory which gives a specific answer 
even where the earlier electron theory could 
not be applied. What does this theory give for 
the problems of ionization and radiative loss we 
are here considering? 

When the fields acting on the electron are 
weak, | F|<F=mi'ct/e’, and when they vary 
slowly (for the electron nearly at rest »<¥) then 
this motion agrees with that given by electron 
theory. When the electron (nearly at rest) is 
acted on by a disturbance whose frequency 
grows large compared to ¥, then, as Born has 
shown, the reaction of the electron is in general 
much smaller than that computed from the 
Lorentz Force. And when the external fields are 
of the order F, the treatment of these fields as 
small perturbations breaks down, and we may 
again expect deviations from electron theoretic 
formulas. 

It is with the latter condition that we are con- 
cerned, since, as we have seen, the frequencies 
in the field which are directly involved in energy 
loss and radiation are low, and deviations from 
classical electron theory are to be expected only 
if the superposition principle for the’ pondero- 
motive force breaks down. The external fields 
become comparable to the proper field F = m'*c*/e* 
for impact parameter p~pe', for impact energy 
losses, and for p~p(Ze)! for radiative losses. 
The theory of Born thus does not give as strong a 
limitation on the validity of classical theory as 
we have used: p~pe. 

This situation is, however, not intrinsic to a 
classical unitary electron theory, and depends 
upon the fact that the Lagrangian of Born’s 
theory involves the field strengths, but. not their 
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derivatives. Consider for instance the Lagrangian 
L=}¥(1+,%¢/y)" with y=} F*’F,,, and 
e= }(0F*"/dx*)g*(0F,,/dx*). 


The field equations of this Lagrangian are of the 
3rd order—and nonlinear. They have a static 
spherically symmetric singular solution, of finite 
energy, which reduces for r>p to a Coulomb 
field. For this Lagrangian the superposition 
principle breaks down for 


p~ped; pr pZiel, 


for impact and radiative losses respectively. 
More generally, if ZL involves derivatives of the 
fields of order n, and gives an electron of finite 
energy as a singular solution, then the superposi- 


tion principle breaks down for 


Pimp. ™~ pel*tD/ (mt?) | Prad. > pZ" +2 ¢(m-+1)/(m+2)_ 


The /=pe which we have used as a limit for 
classical theory in this paper is thus given by a 
unitary field theory whose field equations are 
integral equations, for which n>~. 

We adduce these considerations, not because 
we believe that the solution to the problem of 
electronic stability lies in a theory of this type, 
but because they show that there is, even in 
classical theory, no inconsistency in the criteria 
we have used for the validity of electron theory. 
The discrepancies between theoretical predic- 
tion and the experiments can thus be understood 
on a purely classical basis. 
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Neon and fluorine. Quantitative information is presented 
on the disintegration, by capture of a neutron, of 11 nuclei 
of neon and 13 of fluorine. The reactions are considered 
to be: 

toNeo+ oni nf i+ HT le» 

9 F:-+om1-> 7 No-+sHe, 
in which nitrogen 16 is a new isotope of nitrogen. As in 
the earlier work on nitrogen, it is found that: (1) Neutrons 
effective in disintegration appear both to come directly 
from the source and to be scattered by nuclear impact 
prior to the disintegration. (2) Kinetic energy disappears 
in the process, or is (rarely) conserved. This kinetic energy 
decrement may be transformed into mass, if mass increases 
in the reaction, or into y-rays; it may also excite the 
heavier product nucleus and later give rise to an artificial 
radioactivity. (3) The maximum, minimum and average 
kinetic energy for the neutrons which in our experiments 
have been found to disintegrate fluorine, neon and nitrogen 
are listed below in the table. 

Carbon. Mass values obtained in positive ray work 


I. INTRODUCTION 


HE first paper' of this series on the disinte- 
gration of light atoms by neutrons pre- 
sented values related to the mechanics of the 
disintegration of twenty-eight nitrogen nuclei. 


1 Harkins, Gans and Newson, Phys. Rev. 44, 529 (1933). 


give 6.9 m.e.v. as the mass increase in the reaction: 
Rea at 9 4 
6 Cot+om—4Bei+ 2Heo. 


If the mass values are extremely accurate only neutrons 
with kinetic energy greater than about 6.9 m.e.v. can 
therefore disintegrate carbon. Of 6 disintegrations found 
among 6400 pairs of photographs with ethylene, only 1 
involves a neutron which approximates this energy. The 
other disintegrations may be those of oxygen or nitrogen 
from the water vapor and trace of air in the chamber. 
Carbon has therefore not yet been disintegrated with 
certainty by neutrons. It is of interest that about 20 
percent of the neutrons found in this work have extremely 
high velocities, so that their kinetic energy is from 13.6 
to 15.1 m.e.v., and that the energy transformed into 
y-rays rises as high as 10 m.e.v. 








No. of 
disinte- Kinetic Energy in m.e.v 
grations Min. Ave. Max. 
Nitrogen (28) 1.9 5.4 16.1 
Fluorine (13) 1.9 6.7 13.2 
Neon (11) 3.1 10.6 15.1 


Further experiments have since been carried out 
with deuterium, carbon, fluorine and neon. This 
paper gives the quantitative relations found for 
the disintegration of 11 neon and 13 fluorine 
nuclei.” 


2 For preliminary reports, see Harkins, Gans and New- 
son, Phys. Rev. 44, 236, 945 (1933). 
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II. EXPERIMENTAL DETAILS 


Most of the photographs were obtained with 
the modified Wilson cloud chamber described in 
the first paper. Some of the work, however, was 
done with a chamber in which the closely fitted 
piston was sealed gas-tight to the cylinder with 
a sylphon bellows. For quantitative work, this 
arrangement appears to be superior to that in 
which the sylphon itself acts as the wall for the 
piston, for with a closely fitted piston the stroke 
required for a given expansion ratio is at a 
minimum, which lessens the highly undesirable 
surge in the gas during and after the expansion. 

As in the earlier work, two views at an angle 
of about 73° are obtained for each disintegration, 
and are transformed by projection into a single 
photograph in the actual plane of the disinte- 
gration. In the photograph only two of the three 
tracks are visible. 


III]. DISINTEGRATION BY CAPTURE OR 
BY NoN-CAPTURE 


The question as to whether the disintegration 
of N™ by neutrons occurs by capture or by non- 
capture, has been discussed in detail by Harkins 
and Gans* with the conclusion that while 
evidence for disintegration by capture is very 
good, there appears to be no evidence which 
supports disintegration without capture of the 
neutron. 

In the present work, it is found that for about 
half of the events, the calculated path of the 
neutron passes through the source in a direction 
toward the nucleus which is hit. For the other 
half, the neutron is either scattered by a nuclear 
collision prior to the disintegrative capture, or 
is not captured. In the latter case, the details of 
the disintegration may be analyzed by the 
equations given by Harkins and Gans.’ If, 
however, it is assumed, as is here done, that the 
reactions occur by capture, then the energies 
and velocities of the various particles may be 
calculated as outlined by Harkins, Gans and 
Newson. ! 
IV. THE 


DISINTEGRATION OF NEON NUCLEI 


BY NEUTRONS 


About 4800 pairs of photographs with neon 
in the chamber have shown 11 pairs sufficiently 





‘ Harkins and Gans, Phys. Rev. 46, 397 (1934). 
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good to give useful data concerning the disinte- 
gration. It is assumed that the reaction which 
takes place is 


toNeo + hm) 
(19.9967 +0.0009) + (1.0067 — EB) 
+0, (1) 
(17.0032 +0.003 — E’) 
+3He, 


+ (4.00216 +0.0004). 


Here E represents the energy (in mass units) 
converted into a y-ray in the formation of a 
neutron from boron, and £’ is the similar value 
for O" formed from N™ by capture of an a- 
particle. If E and E’ are both zero, then 0.002 
unit of mass or 1.9 m.e.v. (million electron-volts) 
would be required for this reaction. The actual 
amount to be supplied is probably greater than 
2 m.e.v. since E is probably larger than E’. This 
calculation is subject to modification by the 
amount of the unknown error in the mass of 
the neutron. 

The data related to the disintegrations of neon 
are collected in Table Il. The lowest velocity for 
a neutron which disintegrated a nitrogen nucleus 
is 1.910° cm/sec., while for neon the corre- 
sponding velocity is 2.410*. The minimum 
kinetic energy of the neutron is thus 1.9 m.e.v. 
for nitrogen and 3.1 m.e.v. for neon. For nitrogen, 
the maximum kinetic energy of the neutron is 
16.1 m.e.v., while for neon it is 15.1 m.e.v. The 
average kinetic energy of the 28 neutrons which 
disintegrated nitrogen nuclei is 5.4 m.e.v., while 
that for 11 neon nuclei is 10.6 m.e.v. 

As in all earlier work, the kinetic energy of the 
particles is found to be less after the disintegra- 
tion, by an amount in the case of neon which 
varies from (0.8—0.93X10°E’) to (11.0—0.93 
x 10°F’) m.e.v. 

It is assumed that of the kinetic energy thus 
lost, the amount in excess of (1.9—0.93K10°E’) 
m.e.v. (which difference is the mass increment 
in the reaction, a value subject to the errors in 
the mass values) is converted into a y-ray, or 
may appear as the energy of an artificial radio- 
activity. In the disintegration in which the 
minimum kinetic energy, 0.82 m.e.v., is lost, 
no y-ray may be emitted, and the discrepancy 
between the 0.82 m.e.v. lost and the 1°9 m.e.v. 
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TABLE I. 


uality of photographs: A, Excellent; B, Good; C, Fair 
ype of disintegration: D, Neutron direct from source; 
S, Neutron scattered by nuclear collision prior to disintegrative impact 


X =Heavy product nucleus, O" for Ne; N" for F. 





























Rue Rx a 
(Mm, Dry air at vHe ox tn KE-He KE-X KE-n —AKE | KE-HeKE-X KE-n —AKE 
No. 15°C, 1 Atm.) o 6 (cm/sec. x 107%) ‘ergs X 10° (electron-volts  107*) 
t euineniiiaiems =s 
N eon 

101 AS 4.3 1.6 106.4 31.6 0.480 0.207 2.44 0.76 0.60 4.96 3.60 0.48 0.38 3.12 2.26 
102 AD 11.8 2.9 81.5 68.3 0.980 0.345 2.74 3.20 1.69 6.19 1.30 201 1.06 3.89 0.82 
103 AD 8.8 2.7 97.6 39.7 0.915 0.335 3.87 2.77 159 12.43 7.91 1.74 1.00 7.81 4.97 
104 AS 12.4 2.4 81.0 42.5 1.01 0.296 4.40 3.31 1,21 16.07 11.55 2.08 0.76 10.1 7.26 
105 AD 15.0 4.1 132.3 23.7 1.12 0.485 4.50 4.15 3.29 16.87 9.42 2.61 2.07 10.6 5.92 
106 BS 6.0 3.2 111.5 22.5 0.630 0.360 4.57 1.32 1.81 17.34 14.21 0.83 1.14 10.9 8.93 
107 AD 21.5 4.8 159.3 10.7 1.30 0.585 4.90 5.60 4.90 19.89 9.39 3.52 3.08 12.5 5.90 
108 BD 23.9 4.7 129.1 26.9 1.36 0.565 5.10 6.11 4.49 21.64 11.03 3.84 2.82 13.6 6.93 
109 AD 13.2 3.7 103.9 32.6 1.04 0.440 5.27 3.56 2.72 23.07 16.80 2.24 1.71 14.5 10.6 

110 AS 9.9 4.1 136.0 17.9 0.880 0.485 5.27 2.56 3.29 23.23 17.34 1.61 2.07 14.6 10.9 

111 BS 28.9 3.9 75.0 60.5 1.44 0.463 5.36 6.95 2.99 24.03 14.08 4.37 1.88 15.1 8.85 

Fluorine 

201 CD 11.2 2.0 76.3 76.7 1.00 0.25 1.90 3.31 0.83 3.04 — 1.11 2.08 0.52 1.91 — 0.70 
202 AD 6.0 2.1 105.7 38.3 0.69 0.27 2.59 1.56 0.94 5.55 3.05 0.98 0.59 3.49 1.91 
203 CD 5.9 2.5 126.5 27.5 0.69 0.30 2.59 1.56 1.19 5.55 2.80 0.98 0.75 3.49 1.76 
204 BS 6.0 2.0 86.5 43.5 0.69 0.25 2.90 1.56 0.83 6.81 4.42 0.98 0.52 4.28 2.78 
205 BD 9.0 2.5 90.8 45.2 0.88 0.31 3.42 2.56 1.27 9.67 5.98 1.61 0.80 6.08 3.76 
206 AS 23.8 2.2 57.3 82.7 1.34 0.28 3.44 5.88 1.06 9.80 2.87 3.69 0.66 6.16 1.80 
207 AD 14.1 4.1 160.0 11.0 1.08 0.48 3.51 3.85 3.09 10.25 3.32 2.42 1.94 6.44 2.08 
208 AS 20.8 2.8 76.1 62.9 1.27 0.35 3.72 5.33 1.59 11.49 4.57 3.35 1.00 7.22 2.87 
209 AS 15.6 3.6 110.1 38.4 1.13 0.43 3.77 4.21 2.40 11.81 5.20 2.65 1.51 7.42 3.27 
210 AD 20.5 3.1 81.1 56.9 1.26 0.37 4.01 5.24 1.82 13.32 6.27 3.29 1.14 8.37 3.94 
211 AS 11.2 2.2 69.2 53.8 0.98 0.28 4.04 3.15 1.06 13.52 9.31 1.98 0.66 8.50 5.85 
212 BD 10.6 3.9 124.1 25.9 0.97 0.46 4.42 3.10 2.80 16.09 10.18 1.95 1.76 10.11 6.40 
213 BD 11.2 2.5 66.7 45.3 1.00 0.31 5.04 3.31 1.27 21.00 16.42 2.08 O80 13.20 10.32 








required as mass may be due to the experimental 
error in the measurement of the individual 
disintegration, to errors in the masses used in 
the calculation, or to both. 

A plot of the data to detect definite nuclear 
levels, such as those indicated by the corre- 
sponding data for nitrogen, would here involve 
too few events to be of value. To prove or to 
disprove the existence of such levels requires 
more extensive and more accurate work. 


V. Tue DISINTEGRATION OF FLUORINE NUCLEI 
BY NEUTRONS 


Out of 1600 pairs of photographs taken to 
detect the effects of fast neutrons in carbon 
tetrafluoride and 3200 pairs in difluor-dichlor- 
methane, both diluted with helium, 13 pairs 
were suitable for measurement. Only eleven 
pairs, however, were of a quality comparable 
with those obtained in nitrogen, neon, etc. 

The reaction for the disintegration of fluorine 
by capture is: 


19 1 20> l6ar 4 
oF 1+ 9% oF 2 7No+2Heo. 


This reaction is remarkable in that a new 


isotope of nitrogen of mass 16 and isotopic 
number 2 appears. In the preliminary announce- 
ment of the discovery of this new isotope, the 
writers‘ considered that it would be likely to be 
unstable and to emit an electron to form oxygen 
16. This has been verified by Fermi® who finds 
nitrogen 16 to be radioactive, and to change to 
oxygen 16, as was predicted. In disintegration 
201, the kinetic energy is found to increase by 
0.7 m.e.v. While this case represents the only 
known instance of an increase of kinetic energy, 
such an increase is not impossible, and can be 
accounted for by a decrease in rest mass during 
the reaction, with conversion of this mass into 
kinetic energy and possibly in part also into a 
y-ray. Since the mass of the N'* formed is un- 
known, this supposition cannot be tested. In 
any case, however, this particular pair of 
photographs was rather poor, and the experi- 
mental error probably exceeds the 0.7 m.e.v. 
involved. 

The maximum value for the kinetic energy 
which disappears is 10.3 m.e.v. as shown in 


* Harkins, Gans and Newson, Phys. Rev. 44, 945 (1933). 


§ Fermi, Amaldi, D'Agostino, Rasetti and Segré, Proc. 


Roy. Soc. A146, 483 (1934). 
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0.82 


6.93 


8.85 
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Table I. The average value for the kinetic 
energy of the neutron at impact is 6.7 m.e.v. 

The number of disintegrations obtained under 
similar conditions is much larger for fluorine 
than for neon nuclei, and is of the same order as 
for nitrogen nuclei. 


VI. Tue DISINTEGRATION OF CARBON NUCLEI 
BY NEUTRONS 


If carbon 12 is disintegrated by capture: 
= Co+)n,{ Be, + 3Heo 


the increase of mass in the reaction is equivalent 
to 6.9 m.e.v. If this energy, in addition to any 
y-ray energy liberated in the reaction, is supplied 
by the decrement in the kinetic energy accom- 
panying the process, it would require a neutron 
of velocity greater than 3.610° cm/sec. Since 
the average velocity of the neutrons which 
disintegrated nitrogen nuclei is less than this 
value, it is to be expected that carbon nuclei 
will be disintegrated much less frequently than 
nitrogen nuclei by the same source of neutrons. 

Of 6400 pairs of photographs taken with 
ethylene (C.H,) in the chamber, 6 pairs showed 
good photographs of disintegrations. Most if not 
all of these may, however, be due to the disinte- 
gration of oxygen nuclei in the water vapor used 
to form the cloud tracks in the chamber or of 
nitrogen nuclei from any residual air in the 
chamber. Only one disintegration represented a 
decrease of kinetic energy sufficient to supply 


the mass increment in the disintegrative- 
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synthesis for carbon. In this disintegration, 
which was by a neutron directly from the source, 


Rye = 13.8 mm KE-He= 2.24 m.e.v. 
3 


Rpe= 3.8 mm KE-Be= 1.68 m.e.v. 
@=97.6 Ke-n=10.19 m.e.v. 
@=22.4° —AKE= 6.27 m.e.v. 

He= 1.04 « 10° cm/sec. 
0.60 < 10° cm/sec. 


ll 


4.42 « 10° cm/sec. 


Possibly this event is also due either to oxygen 
or nitrogen. It is not yet certain, therefore, that 
carbon 12 has been disintegrated by neutron 
impact. 

The average energies in millions of electron- 
volts which have been thus far found to disinte- 
grate light nuclei are: 

N F 0* Ne S 
28 13 4 11 1 
5.4 6.7 7.0 10.6 High 


Element 
No. of disintegrations 
Energy of neutron (m.e.v. 

An important source of error in this work is 
the uncertainty in the energy-range relations of 
the heavier nucleus, as has been pointed out by 
us' and by Feather.* Fortunately the energy of 
this nucleus is usually less than that of the 
lighter one. 

The writers wish to thank Martin Kamen for 
assistance in the experimental work, and to 
acknowledge the help of a grant from the 
Alexander Dallas Bache Fund of the National 
Academy of Sciences, and a grant-in-aid of the 
National Research Council, which made this 
work possible. 





* From the work of Feather, Nature 130, 237 (1932). 
®N. Feather, Proc Roy. Soc, Al42, 702 (1933). 
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Collisions of the Second Kind Between Magnesium and Neon 


J. H. MANtey anv O. S. Durrenpack, University of Michigan 
(Received August 29, 1934) 


The relative intensities of a group of lines in the spectrum 
of Mg II as excited by a low voltage arc in a mixture of 
magnesium vapor and neon have been measured at various 
pressures of neon. Marked effects due to collisions of the 
second kind between magnesium atoms and neon ions 
and metastable atoms are found. The ratio of intensities 
at 2.0 and at 0.017 mm of neon was taken as a measure 
of the enhancement or the relative collision cross section 


for the excitation of the initial level. The results show a 
decrease of cross section with increase of energy-discrep- 
ancy, a finite cross section for exact resonance, and a 
definite dependence on the L value of the term excited by 
the collision. Approximate calculation places the cross 
section at about 10-" cm? for collisions between neon 
ions and magnesium atoms. 





I. INTRODUCTION 


INCE the initial experiments of Franck and 

Cario on energy transfer in collisions of the 
second kind, many types of experiments have 
revealed this phenomenon and yielded ideas of 
the efficiency of the process. The present study 
is that of a particular type of collision, one in 
which a normal atom is both ionized and excited 
by a metastable atom or an ion. Considerations 
of lifetime and concentration eliminate all but 
these two forms of atoms as active agents. The 
process may be represented by the reaction 


Eit+ Fi 9 E;+ Fy+<¢, (1) 


where £; is the initial energy of one atom, F; that 
of another, the subscripts f refer to the final 
energies, and ¢@ is thus defined as the energy- 
discrepancy between the initial and final states 
of the system. By analogy the effects have been 
called those of “‘resonance,’’ and consequently ¢ 
measures the exactness of resonance. 

The efficiency of energy transfer in these col- 
lisions will be measured by the yield of the reac- 
tion, that is, the number of excited atoms N— 
energy E;—per cubic centimeter per second, and 
this number, considered as the result of a col- 
lision between two types of atoms of concentra- 
tion N; and N2 moving with a relative velocity » 
and having a certain action cross section gq, is 
given by 


N= gNiNw. (2) 
If the probability of transfer P(r) at a distance 


of approach rf is used instead of the concept of a 
cross section (2) becomes 
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Lae) 
N= 2x NNw | P(r)dr. (3) 
—_ 

The past investigations of the problem, both 
experimental and theoretical, have been con- 
cerned with the functional dependence of cross 
section on energy-discrepancy, and it has been 
found in all cases that the cross section decreases 
with increasing o. There is, however, a distinct 
difference in point of view between the theoretical 
and the experimental work. The theoretical work 
has shown a variation of the cross section for the 
excitation of one state with energy-discrepancy, 
which is not possible of observation except in the 
utilization of the magnetic quantum levels where 
the energy can be varied by the magnetic field 
as in the experiment of Hanle.' In all other cases 
the consideration has been to measure the cross 
section for the excitation of different states as a 
function of their unperturbed energy-discrepancy 
from resonance. The measurements of Duffen- 
dack and Thomson? indicate a general agreement 
of the two views—a monotonic decrease of cross 
section with increase of energy-discrepancy—but 
some anomalies point to a dependence of cross 
section on the particular term excited. The 
present work was undertaken in order to deter- 
mine not only the cross section for the excitation 
of levels of various energies but also to investigate 
other factors influencing the action cross section 
in these collisions of the second kind. 


II. EXPERIMENTAL METHOD 


By the use of the methods of spectrographic 
photometry’ it is possible to measure the relative 


1 Hanle, Zeits. f. Physik 8$, 548 (1933). 


* Duffendack and Thomson, Phys. Rev. 43, 106 (1933). 
* Duffendack and Thomson, J. O. S. A. 23, 101 (1933). 
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intensities of lines excited under conditions 
favorable for collisions of the second kind or 
under purely electronic impacts. The relative 
intensities in these two cases may be taken as a 
measure of the population of the initial state for 
a particular line, and that, in turn, as an indica- 
tion of the relative efficiency of population by 
collisions of the second kind and by electron 
impact. The ratio thus obtained is designated as 
the enhancement of the line or of the level from 
which the line originates. It is, of course, essential 
that other effects be excluded. In general one 
may write the measured enhancement 


Je N,* + N," + fal N“+N,*) 


E ! 
N."+faN 2 


=— n<a<@, (4) 

J e* 
J.“ =intensity of a line, initial state m, under conditions 
for excitation by collisions of the second kind. 

J “=intensity of a line, initial state n, electronically 
excited. 

N,* population of the state m by electron impact. 

N,*=population of state by collisions of the second 
kind. 

fa=fraction of state a populating state by transitions 


from above (Kaskadenspriinge). 


It is evident that only if Kaskadenspriinge 
are small and resonance effects large compared 
with electronic excitation is the measured en- 
hancement that which the term usually denotes, 
namely, N,"/N,". It is generally not possible to 
determine the f,’s because they are essentially 
transition probabilities for lines in the infrared, 
but since the number of transitions is propor- 
tional to the cube of the frequency, which is 
small, the effect is in most cases negligible. It is 
necessary, however, to check each result for the 
possibility of such population from above. 
Knowing the enhancement of a particular level 
under the proper conditions, the relative cross 
section follows immediately, for the enhancement 
is given by 

E=N,*/N,"=qr"NiNate/qe"Ne No't., (5) 


N:i=concentration of metastable atoms or of ions, 
N:=concentration of normal atoms, 
N,=electron concentration. 


The case chosen as most favorable for study 
was the excitation of the magnesium spark 
spectrum by positive ions of neon. As is evident 


from Fig. 1, there is a large number of levels 
within a small range of energy-discrepancy, and 
so there is the possibility of determining the 
efficiency of excitation of terms of nearly the 
same energy-discrepancy. Furthermore, experi- 
mentally, the simplicity of the magnesium 
spectrum outweighs the difficulties due to the 
action of the vapor on glass, condensation on the 
electrodes, and the like. 

The tube used to secure a low voltage arc in 
magnesium vapor and neon is illustrated in Fig. 
2. A small quartz crucible A wound with a heater 
coil of 12 mil tungsten wire provided an easily 
controlled source of magnesium vapor. A nickel 
cylinder B surrounds the crucible to cut down 
radiation and convection losses. Electrons for the 
arc were supplied by a pancake filament F of 
Isovolt alloy located near the mouth of the 
crucible. In order to prevent excessive diffusion 
of magnesium vapor a cap C with a projecting 
observation tube T covers the crucible mouth 
and the filament. This cap was used as the anode 
of the arc. The observation tube was found to be 
very effective in cutting down diffusion of vapor 
to the quartz window of the large Pyrex bulb in 
which the whole electrode assembly was mounted. 
This particular arrangement for obtaining the 
spectrum of elements of moderate boiling points 
possesses the advantage of good temperature 
control, constancy of excitation, and ease of 
degassing and purification—important factors in 
intensity work. The low temperature emitter 
obviates continuous background which may be 
very troublesome. The tube and electrodes were 
thoroughly outgassed and the neon purified by 
continual circulation through charcoal and glass 
bead traps immersed in liquid air. 

Although enhancement measurements have 
usually been made with a spark or an arc 
spectrum as the “normal” or electron-excited 
spectrum, this is not feasible in the case of mag- 
nesium because of the difficulty of securing the 
spectrum free from objectionable background. 
The intensities of the various lines were therefore 
measured at different neon pressures, the low 
pressure data thus approaching electronic exci- 
tation of the magnesium vapor. The ratio of in- 
tensities at high and low neon pressures may then 
be taken as a measurement of the enhancement 
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Fic. 1. Energy levels in magnesium. 


due to neon ions. All intensity measurements 
were made relative to the intensity of the Mg I 
4°D-—3*P.2, 3096 line. Such a choice of reference 
reduces the error from possible variation of direct 
electronic excitation of the Mg II terms. Al- 
though the final state of this line is the metastable 
*P, and, therefore, is liable to a self-absorption 
varying with neon pressure as a result of the 
change of effectiveness of neon in creating or 
destroying *P: atoms, it was found that the 
ratio of the 3093 (*D *P,) line, from which the 


relatively strong 4571 line originates, to the 3096 
line was the same at various neon pressures. It is 
quite probable that the neon plays no essential 
role in the distribution of atoms in the *Po, *P:, 
*P, states because of their small separation in 
energy. Neon pressure may, however, affect the 
electronic excitation of the *D initial state, and 
in order to investigate this point, the ratios of 
the intensities of the Mg II lines to the 3096 
line were measured as a function of arc voltage 
at constant pressure as equivalent in electronic 
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Fic. 2. Diagram of arc tube. 


excitation to variable pressure at constant 
voltage. 

Near constancy of the intensity of the desired 
lines relative to the 3096 line for voltages as 
large as 50 volts indicated that any change of 
electron velocities has negligible effect on the 
intensity of lines from spark levels. This also 
suggests that direct electronic excitation of these 
levels is very small. All subsequent measurements 
were made with an arc current of 40 m.a. at 25 
volts. 

The crucible temperature, about 500°C, was 
chosen to give sufficient magnesium vapor for 
visible excitation of the strong arc lines but kept 
low enough to prevent more than a negligible 
amount of ionization of magnesium atoms by 
electron impact. This latter condition is easily 
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checked, for there is a critical magnesium 
pressure above which the arc voltage drops 
sharply due to the neutralization of space charge 
by the easily ionized magnesium atoms. At the 
same time the neon lines disappear and the 
complete arc spectrum of magnesium is excited. 
The crucible temperature was kept constant at 
all neon pressures by resistance measurement. 


III. ResuLts 


The results for the pressure dependence of the 
intensity of the Mg II lines are given in Fig. 3, 
in which the logarithm of the intensity relative 
to the 3096 arc line is plotted against the 
logarithm of the neon pressure. Because of the 
spread at 0.017 mm some of the points are not 
shown, but the curves are drawn toward these 
points. Compared to tie reference line, the 
3175-73, 8°S-4°P, shows a rapid decrease of 
intensity with decrease of neon pressure below 
0.8 mm; the 3104, 5°F-3*D, a less rapid decrease ; 
and the 2802-2795, 3#P-+3*S, scarcely any 
change. The conclusion follows that the excita- 
tion of the low terms is chiefly electronic whereas 
the terms near the energy of the neon ion owe 





















. 
~ 
2 
~ 
= 
: s O75 
oéd 
. sey 
= . O's 
> * 
3% so 
es 
=) 
O 8s 
30F Id 
+ 
3535 
mer 
A Neon Pressure mm 
oor aor aas 08 3 Ze af ‘2 





Fic. 3 


Pressure dependence 


of intensities of Mg II lines 
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Fic, 4. Enhancement of lings for various energy-discrep- 
ancies (¢). 


their excitation chiefly to collisions of the second 
kind. Since the arc is operated at constant 
current and a region of practically neutral space 
charge is photographed, the positive ion concen- 
tration should be independent of pressure and 
thus also the intensity of those lines excited by 
positive ions. Calculation shows, however, that 
at the current used there is insufficient gas con- 
centration at pressures below about one milli- 
meter to keep a constant positive ion concen- 
tration, and therefore the intensity of the lines 
excited by positive ions drops off at lower 
pressures. From the trend of the curves at a 
pressure of 0.017 mm of neon it is evident that 
positive ion excitation of some of the high terms 
is still considerable for the characteristic constant 
value attributed to electronic excitation is not 
yet reached. This low pressure limit is placed 
experimentally, however, because of the ex- 
cessive diffusion of magnesium vapor to the leads 
and observation window when the neon pressure 
is further decreased. Not only is this a serious 
factor, but the electronic excitation of these 
levels is evidently so slight that the time of ex- 
posure becomes impractically long. 

The ratio of the intensity of a line at 2.0 mm 
of neon to the intensity at 0.017 mm may be 
taken, nevertheless, as a measure of the enhance- 
ment of the initial level due to collisions of the 
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second kind, and, if other methods of population 
of this level can be shown to be small, the results 
can be interpreted as the relative action cross 
section for excitation. Fig. 4 gives the points thus 
obtained, and curves are drawn through points 
belonging to the same series to illustrate the 
regularity. The 3D, 4°S and 3*P levels are 
placed with an energy-discrepancy (¢) measured 
from the neon level on the supposition that they 
are too far distant from the ion energy for en- 
hancement, but that excitation by collisions of 
the second kind with neon metastable atoms is 
responsible for the enhancement. 


IV. Discussion 


As pointed out above, for enhancement meas- 
urements to have a definite meaning, it is 
necessary that electronic excitation be small 
compared to resonance excitation and population 
from above be negligible. The form of the inten- 
sity-pressure curves indicates that electronic 
excitation of high series members is practically 
negligible, so Kaskadenspriinge remain as the 
only possible cause of ambiguity. 

The small enhancement of the 3*D level, even 
though it is a terminal state for several strong 
lines from higher levels which show large en- 
hancements, can only be interpreted to mean 
that population from above is far smaller than 
population due to collisions with neon ions. 
Since the number of transitions is proportional 
to the cube of the frequency of the radiation 
emitted, any transitions among the higher terms 
which are all within one volt of each other, 
must be much fewer in number than the men- 
tioned transitions to the 3*D. The empirical 
result of Bleeker‘ may be used to calculate a 
typical case, the 77D--6°F and the 7?D-5*F 
transitions. It is found that there should be six 
times as many transitions to the 5*°F as to the 
6°F. That the enhancement of the 5°F level is 
only about one-fourth that of the 6°F is therefore 
evidence that the total population of these levels 
is, at most, only very slightly influenced by 
transitions from above. It should be mentioned 
that since no transitions are observed from high 
P-terms, the curve for the s-series certainly 
cannot be falsified by population from above. 


* Bleeker, Zeits. f. physik. Chemie 120, 63 (1926). 
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The enhancement curves certainly indicate a 
finite cross section at ¢=0 in accord with the 
work of Hanle' and the theory of Stueckelberg.® 
The finite cross section and the asymmetry of 
the curves negate the resonance interpretation 
of the older theory of Kallman and London*® 
which gives an infinite cross section at ¢=0 and 
a symmetry cut-off for negative values of ¢ by 
the temperature of the gas. 

The variation of the enhancement with the 
nature of the term is a result to be expected 
theoretically but not heretofore observed ex- 
perimentally. Since the cross section depends on 
the square of the matrix element of the inter- 
action potential V, | f/¥;Vy¥dr)\*, one might 
inquire why any regularity exists, since presum- 
ably both V and yy, will be characteristic of the 
state excited. The regularity is, therefore, 
necessarily interpreted as a similarity of inter- 
action potentials and wave functions for states 
with the same JL-value, and the difference 
between series as due to a variation of either or 
both of these quantities with azimuthal quantum 
number. The present status of the theory, 
particularly the lack of knowledge of the wave 
functions of these states and of the interaction 
fields, prevents more detailed conclusions. 

From the experimental results it is possible 
to obtain, by use of Eq. (5), an idea of the order 
of magnitude of the cross section in these col- 
lisions. At a pressure of 2.0 mm we may assume 
that the positive ion and electron concentrations 
are equal in the region photographed and there- 
fore the ratio N,/N,’ becomes the ratio of the 
electron concentration at the two pressures. 
Since the current was kept constant N,/N,’ 
= N,/N,'=1,' /v, and this ratio may be calculated 
from the mobility of electrons at 2.0 mm and 


* Stueckelberg, Helv. Phys. Acta 5, 370 (1932). 
* Kallman and London, Zeits. f. physik. Chemie B2, 220 
1929). 


SECOND KIND 61 


from the field acceleration at 0.017 mm for in 
the latter case the mean free path is several 
times the length of the arc space. This ratio is 
approximately 1 : 20. Due to the constant mag- 
nesium pressure, N;/N,;’=1. For neon ions we 
may take a velocity slightly above that corre- 
sponding to the gas temperature, say 10° cm/sec., 
and in the low pressure case the electron velocity 
may be computed from the field and was about 
2X 108 cm/sec. Strictly, these velocities should be 
relative to the magnesium atoms, but from the 
geometry of the tube their motion is nearly at 
right angles to the current flow, and therefore the 
approximation of the magnesium atoms at rest 
should be correct in order of magnitude. Com- 
bining these factors with a measured enhance- 
ment of 400, for example, yields ¢," <2 10'g,". 
It has been found that the electronic cross section 
for inelastic collisions is of the order of 3x10-" 
cm’, whence q," 6 X 10-" cm’. This cross section, 
some 10° times the kinetic theory value is charac- 
teristic of collisions of the second kind where 
the energy-discrepancy is small. Stueckelberg has 
calculated cross sections of 2X10~* cm? with 
an assumed interaction potential. 


V. CONCLUSIONS 


From intensities of the lines of the Mg II 
spectrum in the presence of neon the form of the 
cross section vs. energy-discrepancy curve has 
been found for the s, d and f series, and the 
following information concerning the cross 
section for collision between neon ions and 
magnesium atoms has been obtained: (a) The 
cross section has a maximum, finite value for 
o=0. (b) There is a sharper decrease of cross 
section for increasing negative values of « than 
for positive. (c) The cross section depends on the 
L-value of the state excited by collision. (d) The 
order of magnitude of the cross section in this 
case is 10-" cm’. 
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A Radiofrequency High-Voltage Generator 


Davin H. SLoANn, Radiation Laboratory, Department of Physics, University of California 
(Received October 24, 1934) 


A large radio oscillator with unrectified alternating 
anode power-supply sends high-frequency power into a 
50 meter wave-length antenna which is coiled up without 
insulation, and enclosed in a metal vacuum tank. Over 
800,000 volts is generated inside of the tank exactly 
where it is to be used for x-rays or for accelerating ions. 


There is no insulation to become punctured. Single tuned- 
circuit resonance transformers are superior to coupled 
tuned-circuit Tesla coils. Resonance transformers, oscil- 
lator circuits, power tubes, power supply and coil con- 
struction are described. X-ray production, and ion ac- 


celeration are outlined. 





HE insulation of vacuum tubes is a serious 

problem in their adaptation to extremely 
high voltage. A method is here described for 
generating a very high voltage entirely inside 
the vacuum tube in which it is to be used. Short- 
wave high-power radio technique makes possible 
a resonance transformer whose high-voltage 
secondary consists of only ten to fifteen turns of 
heavy copper pipe, entirely free from insulating 
material, and internally water-cooled. The sur- 
rounding copper wall inside the evacuated steel 
tank is the support for the grounded voltage-node 
of the coil, thus placing the free high-voltage end 
in the vacuum exactly where it is to be used. 
Failure of insulation is positively avoided by the 
completely metallic construction. 


RESONANCE TRANSFORMERS 


Radio oscillator tubes are used to generate the 
high voltage in a resonant circuit. Two general 
classes of circuits are possible. The first class 
consists of coupled separately-tuned resonant 
circuits, such as the Tesla coil. They are not 
satisfactory because of their low efficiency. The 
second and only practical class of circuits for this 
high voltage generator consists of single tuned 
resonant circuits, hereafter called resonance 
transformers. The term “‘resonance transformer” 
accurately characterizes the behavior of a single 
resonant circuit, insofar as the transfer of power 
from one section of the circuit to another is con- 
cerned, provided that the frequency is exactly 
the resonant frequency, and the power is less 
than about 10 percent of the circulating kilovolt- 
amperes. In this usage, the selectivity of the 
circuit is of no intrinsic importance. While a 
resonance transformer may consist of several 
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mechanically separated sections, such as a 
primary and a secondary coil, the sections must 
act as a single resonant circuit. The effective 
constants of such a composite circuit, oscillating 
as a single unit, include the constants of all the 
branches interacting upon each other. Although 
a connection diagram of such a composite form 
of the singly tuned circuit of a resonance trans- 
former may happen to look exactly like the 
diagram of coupled separately tuned circuits, the 
constants are such that an entirely different 
system of oscillations is produced. 

This is a vital distinction, because the first 
mentioned class of circuits, separately tuned and 
coupled together, such as the Tesla coil, cannot 
give more than 50 percent efficiency of energy 
transfer from primary to secondary when driven 
by a self-excited oscillator tube, because of the 
extremely loose coupling needed between low 
resistance tuned circuits. 


Resonance transformer superior to Tesla coil 

If two resonant circuits having resistances R; 
and Rs, respectively, are tuned to the same fre- 
quency f, and the coupling between the circuits 
consists of mutual inductance .V/, then the critical 
coupling is 2x/M=(RpRs)'. The efficiency of 
energy-transfer from one circuit to the other in- 
creases as M is increased, until at critical coupling 
an efficiency of 50 percent is reached. Further 
increase of coupling establishes two new stable 
frequencies, each of which retains this same 
efficiency. 

Although the efficiency for the original fre- 
quency continues to increase as the coupling is 
increased beyond the critical value, this fre- 
quency is now unstable and cannot be used by a 
Instead, a_ self-excited 


self-excited oscillator. 
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vacuum tube will oscillate at one of the stable 
new inferior frequencies. Detuning one circuit 
favors one of these frequencies and raises the 
limiting efficiency slightly above 50 percent. But 
to adhere to the original unstable secondary 
frequency and obtain high efficiency by closely 
coupling the two tuned circuits, it is necessary 
that the tubes be neutralized non-regeneratively, 
and be driven by a master oscillator or by ex- 
citation obtained directly out of the separately 
tuned secondary circuit. 

On the other hand, a resonance transformer 
operates as a single unit of inductance and 
capacity in spite of possible physical sub-division 
into separated, but coupled, sections. It has only 
one frequency of oscillation (aside from har- 
monics), and is ideal for self-excited vacuum tube 
operation. Energy is transferred from the pri- 
mary to the secondary portion of the single oscil- 
lating system of the resonance transformer with 
an efficiency close to 100 percent. Clearly then, a 
high voltage can be generated in a resonant 
circuit functioning as a resonance transformer 
twice as efficiently as when operated as a Tesla 
coil, when continuously driven by a self-excited 
vacuum tube. Moreover, the resonance trans- 
former construction is enormously simpler than 
that of a Tesla coil, because the latter has ex- 
tensive stray magnetic fields arising from the 
very loose coupling which low-resistance tuned 
circuits require with a self-excited oscillator. 

Moreover for other reasons, the conventional 
Tesla coil, when using spark excitation, is even 
less satisfactory for vacuum operation. A spark 
excited resonance transformer cannot generate a 
high voltage, because the coil cannot respond as 
a unit to the transient discharge of the condenser 
connected across a small portion of it. This 
exclusion of the resonance transformer is no 
drawback, for with spark excitation the energy 
is transferred from the separately tuned primary 
into the tuned secondary of the Tesla coil quite 
efficiently by using coupling much closer than the 
critical value which could be used with vacuum 
tube self-excitation. With suitably close coupling 
of the two tuned circuits, the two new frequencies 
which are established cause the energy to drift 
from primary to secondary and back at the fre- 
quency of the beat between the two frequencies. 
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Proper quenching of the spark leaves all of the 
energy in the secondary, transferred there from 
the primary at quite high efficiency. Too much 
of this energy, however, is uselessly dissipated in 
the tail of the damped wave train. The high 
voltage occurs only during a very small portion 
of the total time. In order to impart adequate 
energy to the system, the necessarily large 
primary condenser, which stores energy pre- 
paratory to oscillating, sets a low frequency that 
requires a secondary of many turns of small wire. 
This is a serious disadvantage, for such a coil of 
small wire is difficult to cool in a vacuum and 
cannot be provided with an adequate insulating 


support.' 
OSCILLATOR CIRCUIT 


Any type of radio oscillator may be coupled to 
a resonance transformer by a high-frequency 
transmission line, but very few oscillators can be 
connected directly into the high-voltage reson- 
ance transformer. The Hartley circuit is adapted 
only to driving a resonance transformer having 
a high voltage step-up in applications where the 
inductance, which should float at grid bias 
potential with no voltage node at either end, is 
readily accessible for adjustment of its con- 
nections. Only the “tuned-plate tuned-grid” 
circuit is suited to driving directly a resonance 
transformer enclosed in a metal tank. The power 
output of the single-tube oscillator circuit, Fig. 
1(a), is definitely limited by overheating of the 
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Fic. 1. Resonance transformer connections to oscillator 


tubes. 


! Kossel and Eckhardt, Ann. d. Physik 17, 543 (1933). 
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Fic. 2. Types of high-voltage resonance transformers. 


condenser C, that is used in the external high- 
frequency path between anode and cathode to 
insulate the direct anode voltage from the 
cathode. Hence only push-pull type oscillators 
are used, Fig. 1(c), because they require no such 
insulating condenser. 

To eliminate a troublesome parasitic oscilla- 
tion, only the grid input capacity is used in 
tuning the grid circuit, Figs. 1(b-d-e). The 
tuning of the grid circuit is performed by 
stretching the grid inductance coil. Another 
parasitic oscillation is eliminated by greatly 
reducing the mutual inductance between the two 
inductance coils which tune the two grid-circuits 
of the particular push-pull arrangement for 
Fig. 3. 

It is important that the anode output capacity 
of the tubes contribute to the total capacity C 
that is effective in any resonance transformer 
connected directly to the tubes in exactly the same 
manner as it contributes to the output circuit 
LCR of Figs. 1(a) or 1(c). Otherwise, in Fig. 
1(b) for example, if the anode capacity and the 
primary portion of the inductance resonated 
near the natural frequency of the rest of the 
transformer, the circuit would resolve itself into 
inefhicient coupled resonant circuits. 
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With high power oscillator tubes, the physical 
dimensions of the leads of Fig. 1(d), for example, 
are not negligible compared to the operating 
wave-length. The leads themselves, which con- 
nect the oscillator anodes directly to the reson- 





ance transformer, act as a transmission line 
having waves reflected at its ends. The impe- ! 
dance varies along such a line, and may even be 
utilized in some cases to match the impedance of 
the oscillator tubes to the resonance transformer. 
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Fic. 3. X-ray arrangement with inductive primary sepa- 
rated from the high-voltage coil 
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If the leads are very short, however, the energy 
in their fields is insufficient to disturb the system 
even when their behavior as a line is ignored. 

The simple output circuit of Fig. 1(c) is actu- 
ally replaced by a more complex resonance trans- 
former, Figs. 1(d), 1(e), which may be one of the 
types from Fig. 2, used either to step the voltage 
up directly, or to step it down to match an inter- 
mediate transmission line. The intermediate line 
is essential for connecting the oscillator to the 
second class of resonance transformers mentioned 
below, as these transformers are }\ resonant lines 
of the Lecher wire type, Fig. 2(f). 


TYPES OF RESONANCE TRANSFORMERS 


Resonance transformers consist of parallel 
resonant circuits which may be grouped into 
three classes, characterized first by “lumped”’ 
constants, secondly by evenly distributed con- 
stants, and thirdly by unevenly distributed con- 
stants plus mutual induction between elements 
of the circuit. Only the latter two types are of 
practical value for generating high voltage, the 
third type being especially compact and simple 
to adjust. 

First, the “lumped constants” 
capacity C connected across an inductance L in 
series with a resistance R. If R is evenly divided 
between the L and C branches, the impedance Z 
which the parallel resonant circuit offers to an 


type has a 


e.m.f. of resonant frequency, applied across L, is a 
pure R’=L/RC, being neither in- 
ductive nor capacitive at the resonant frequency. 


resistance 


This expression is nearly true for ordinary tuned 
radio circuits, which by careful low-loss con- 
struction may have R’ equal to about a million 
ohms. However, a high-voltage resonance trans- 
former requires several million ohms impedance, 
which is obtained by enlarged dimensions and 
elimination of all C except the distributed ca- 
pacity, which then results in the third class of 
transformer. For simplicity, the first class, with 
lumped constants, is assumed in approximating 
the step-up ratios listed with the various types 
in Fig. 2. M is the mutual inductance between 
the primary L,; and the main inductance L». 
These voltage step-up ratios are the square-roots 
of the ratios of the total impedance to the 
primary impedance at the resonant frequency. 
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The second class of resonance transformers, 
with distributed constants, is the most efficient, 
but is much too expensive to build. These consist 
of 4X transmission lines, open at one end and 
short circuited at the other, Fig. 2(f). In spite of 
their low ratio of L/C, the open end impedance 
R’ =2L/RC may attain enormous values because 
R can be made exceedingly small by using con- 
ductors of very large diameter. The exact ex- 
pressions for the impedance of the open end as 
well as for the primary portion of the line may 
readily be obtained from texts on transmission 
line theory. 

The third and most useful class of resonance 
transformers, having mutual inductance between 
elements of the circuit in addition to having the 
capacity unevenly distributed along the in- 
ductance, cannot be treated usefully by mathe- 
matics. The types in Fig. 2 are of this class, in 
actual high-voltage applications. When adjusted 
to maximum step-up the primary impedance is 
approximately equal to that of the oscillator 
anodes, but even the output impedance of 
“class C”’ oscillators is rather indefinite. More- 
over, even if it were known, the step-up ratio is 
not important for quantitative use because the 
input voltage is very difficult to determine. 


Voltage measurements 

The total voltage generated by the resonance 
transformer is obtained roughly by the relation 
W=E?/R’, from a measurement of the watts, 
W, generated in the coil whose resonant im- 
pedance R’ is known only approximately. It is 
also easy to measure a known fraction of the 
generated r.m.s. voltage, but neither of these 
direct methods are dependable because the wave- 
shape due to the non-linear modulation by the 
unrectified anode supply-voltage is difficult to 
determine for each new adjustment. The known 
fraction of the generated voltage could be deter- 
mined accurately with a peak-voltage vacuum 
tube voltmeter, but a more concise voltage 
measurement would result from a measure- 
ment of the maximum energy of photoelectrons 
ejected by the x-rays that arise when the coil 
is struck by electrons from gaseous currents or 
from an x-ray cathode. 

It is simpler, however, to filter these x-rays 
through a centimeter or more of lead and plot an 
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aluminum absorption curve from which the 
absorption coefficient per electron is obtainable, 
and with the Klein-Nishina formula the effective 
wave-length of the x-rays is found, and from this 
the voltage of the x-rays is directly obtainable. 
X-rays of these energies are absorbed in alumi- 
num almost entirely by Compton scattering and 
electron recoil. Therefore the absorption in 
aluminum is better suited to the calculation of 
wave-length and voltage than is an absorption 
in lead which has, in addition to the Compton 
process, a large photoelectric absorption of 
rapidly varying proportions that is less accu- 
rately known for this range. However, the linear 
absorption coefficient for lead does indicate a 
voltage close to that determined by absorption 
in aluminum. 

For voltages determined from absorption coef- 
ficients, the logarithmic intensity-ratio curves 
for absorption in lead are found to agree with 
the slope of lead absorption curves obtained with 
other types of x-ray tubes that were operated 
with known voltages. From a calorimetric meas- 
urement of the kilowatts associated with an 
established voltage, the neighboring voltages are 
estimated from the change in the kilowatts in the 
coil. 

An x-ray measurement of voltage is not needed 
when the voltage is used for the double acceler- 
ation of ions, for then the minimum voltage for 
which the ions traverse their path in synchronism 
with the alternating voltage is sharply defined. 


Dimensions 


The impedance varies as the square root of 
the scale of the dimensions to which the reso- 
nance transformer is built. Since the voltage varies 
only as the fourth root of the linear dimensions, 
the size of the transformer is chosen as small as 
the power requirements will permit, whereas the 
optimum geometric proportions are chosen by 
trial-and-error. It is difficult to obtain sufficient 
power below 40 metérs wave-length, and further- 
more, the coils of the third class of transformers 
cannot be adequately water-cooled if constructed 
for wave-lengths less than this. 

It is interesting to note that one of the second 
class of transformers, a resonant }d line built 
for 40 meters would generate 5,000,000 volts with 
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available oscillator tubes, compared to the 
2,000,000 volts to which the coiled type of trans- 
former could be forced, provided of course that 
a tube could withstand such voltages without 
field-current break-down. But the }A line would 
require an enormous vacuum tank 35 feet high 
and 15 feet in diameter, surrounding the two 
vertical parallel lines, Fig. 2(f). To obtain 
extremely low resistance each conductor of the 
line would be about 18” in diameter, tapering 
somewhat at the high voltage end. This indicates 
that only the coiled third class of transformers 
are sufficiently compact for ordinary use. 


Coil connections 


Five types of resonance transformers of the 
third class are shown in Fig. 2 for }\ coils; with 
four corresponding arrangements for 4) coils. 
The types in Figs. 2(a—b—c) use three kinds of 
inductive primary coupling, whereas those in 
Figs. 2(d-e) have capacitive primary coupling. 
Push-pull oscillators are suited to all of the 4. 
coils; but single oscillators, Fig. 1(b), are needed 
by all of the 3A coils excepting the separate 
inductive primary of Fig. 2(c), which, like the 
half wave coils, will operate with either single or 
push-pull oscillators. In the special case of the 
+X coil with separated primary and push-pull 
oscillators, the load on the two tubes is more 
evenly balanced by providing a grounded elec- 
trostatic shield between the primary and 
secondary coils. 

The capacitive analogue of the inductive 
primary of Fig. 2(c) is a voltage step-down device. 
However, to step the voltage down for trans- 
mission over a high-frequency transmission line, 
the transformer of either Figs. 2(b), or 2(c), 
working backwards is more practical 

The 4, coils of Figs. 2(c) and 2(e) are simplest 
to construct and adjust. The latter is unique in 
that it may be connected directly to a single 
oscillator tube of unlimited size, because with a 
circuit corresponding to Fig. 1(b) it requires no 
blocking condenser. The oscillator circuit of 
greatest ease of adjustment and freedom from 
parasitic oscillations is that of Fig. 1(d), which 
combined with Fig. 2(c), is shown in the x-ray 
generator, Fig. 3, which has been used throughout 
most of the development. 
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Fic. 4. System for the double-acceleration of protons, 
deutons or helium ions. 


OSCILLATOR TUBES 


A low-resistance coil inside of a copper-lined 
vacuum tank can form a resonance transformer 
whose total resonant impedance R’=L/RC=3 
megohms. This requires a little over 200 kilo- 
watts to develop 800,000 volts across it. When, in 
addition, the coil must also support an ion- 
accelerator electrode, Fig. 4, the increased elec- 
trostatic capacity to the walls greatly increases 
the required high-frequency power, which may 
exceed 600 kilowatts for some accelerator systems. 
Higher voltages will require even more power, 
and this has led to the development of very large 
short-wave oscillator tubes, for driving the 
resonance transformer. The essential feature in 
the design of these tubes is a low inter-electrode 
capacity, such that the parasitic or natural fre- 
quency of the primary circuit of Fig. 3 is more 
than twice as high as the main resonance trans- 
former frequency of 6000 kilocycles. 

Three sizes of tubes, having continuous output 
ratings of 100 kw, 200 kw and 300 kw, have been 
constructed in the laboratory shop. The anode 
voltage supply is unrectified 15,000 volts r.m.s. 
60 cycle a.c. This greatly reduces the heat associ- 
ated with a given maximum of generated voltage, 
and increases the maximum to which the output 
power can be modulated. Thus by running the 
filaments exceedingly hot, a push-pull pair of 
these 300 kw tubes can probably deliver 1000 
kw at 6000 kilocyles during the maximum of the 
60 cycle voltage, although this output has not 
yet been required for ion acceleration. 

The power dissipated in the load, averaged 
over a complete cycle, is much smaller than } of 


the maximum, because of the distortion by the 
non-linear modulation of the output wave-shape. 
In the x-ray coil, for example, when generating 
800,000 volts, the groups of radiofrequency oscil- 
lations reaching a peak of 200 kw have an 
average heating effect equal to a continuous 
dissipation of only 30 kw in the resistance of the 
coil, away from which the heat is carried by the 
cooling-water. 


Oscillator tube construction 


The six-inch diameter coppe> anode of each 
300 kw oscillator tube is cooled by a swiftly 
moving sheet of turbulent water only 0.025” 
thick, inside of the waterjacket, which with its 
expansion joint is soldered around the anode. 
The tube undergoes no heated bake-out because 
it is continuously exhausted. Therefore the small 
clearance between the anode and the brass water- 
jacket can be accurately maintained. Ordinary 
solder is used, and because of the poisonous 
action of water-vapor upon the emission from 
tungsten filaments, the joints of the waterjacket 
are distinctly isolated from the soldered joints 
in the wall of the vacuum-tight envelope. 

The cylindrical grid structure consists of a 
helix of copper wire wound around a frame of 
six water-cooled copper pipes, to which these 
wires are soldered. The grid is soon coated with 
evaporated tungsten which keeps the secondary 
emission reasonably low. Within the grid are 


‘placed 12 filaments of 0.050” tungsten 14 inches 


long. Each filament has individual spring tension, 
and is so easily replaceable that the unusually 
high temperature of 2700°K is practical, giving 
a total emission of 200 amperes from the filaments 
of each tube. 

The three electrodes are insulated by two glass 
cylinders which form part of the vacuum wall, 
and which are sealed to the metal parts by red 
sealing wax. Each seal is protected from electric 
fields and radiant heat by metal shields on the 
inner side of the glass. 

Each tube is continuously exhausted to 10~° 
mm Hg pressure by an Apiezon oil diffusion 
pump system whose over-all speed is 100 liters 
per second. 

The oscillators are mounted on waxed maple 
boards inside of a large copper house, with by-pass 
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condensers connected to all the power leads to 
completely prevent the escape of current which 
might radiate, thus eliminating any interference 
with radio communication. 


POWER SUPPLY 


Advantages of alternating current 

The chief advantage of alternating current for 
the anode power-supply, aside from avoiding 
costly rectifiers, is the great ratio between the 
peak and the average high-frequency power 
output. But another almost priceless virtue of an 
alternating power supply is the alternate idle 
half-cycles which permit de-ionization of arcs 
that occasionally occur in the high-voltage 
circuit. Discharges from the high-voltage coil are 
harmless, because they either kill the high- 
voltage oscillations and cease, or else develop a 
parasitic oscillation and low-voltage arc, which 
dies out at the end of the half-cycle. Adequate 
de-ionization time, provided by the idle half- 
cycle, combined with a very fast vacuum pump- 
ing-system, prevent such momentary discharges 
from interrupting operation for more than one 
or two cycles. Far from being damaged, the all 
metal surfaces in the high-voltage chamber are 
merely cleaned by the discharge, so that even 
higher voltages can be used. 

When the oscillator filament heating-current 
is shifted 90° out of phase with the alternating 
anode supply-voltage the emission current heats 
all parts of the filament evenly, just as with a 
center-tapped a.c. filament and d.c. anode 
voltage. 


Methods for voltage variation 

A motor-generator to operate the anode 
voltage-supply transformer provides the best 
means of varying the generated high voltage. A 
150 kva transformer will supply power for a 
pair of 100 kw tubes driving a 800,000 volt x-ray 
generator in continuous operation. A transformer 
operated from a fixed-voltage power supply 
involves the simplest equipment for varying the 
high voltage if the transformer is connected to 
the anode circuit through a flowing water- 
column variable resistance. This resistance can 
use the cooling water discharged from the oscil- 
lators. A variable reactance in the power-line 
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seriously lowers the power-factor which is 
already low because of the half-cycle load. 

A reduction of the step-up ratio is an efficient 
means of lowering the high voltage for outgassing 
the surfaces of the resonance transformer and 
vacuum tank while conditioning them for opera- 
tion. This is done by increasing the impedance 
of the part of the circuit into which the tubes 
deliver their power. Three good methods are 
available for thus decreasing the generated 
power. The simplest is one in which the primary 
of Fig. 3, for example, if mounted on sylphon 
supports, can be moved nearer to the main coil 
while outgassing. The other two systems for 
reducing the step-up ratio involve an inter- 
mediate transmission line. 

In the circuit of Fig. 1(e), the impedances of 
the transmission line and of the primary and 
secondary of the high-voltage resonance trans- 
former, No. 1, have permanently fixed ratios; but 
the impedance ratio of the auxiliary resonance 
transformer, No. 2, between the oscillator tubes 
and the line, can be varied to change the power 
output by providing this transformer with a 
tapped secondary to connect with the line. In 
addition to these two transformers and inter- 
connecting line of the second method, the third 
method includes still another resonance trans- 
former, No. 3, of variable ratio, inserted between 
the line and its connection to the secondary of 
the transformer that couples the line to the 
tubes, Fig. 1(e). This third resonance transformer 
is simply an impedance-matching “‘r’’ network 
common to transmission line practice. These 
two methods involving the line permit a con- 
venient location of the oscillator at a distance 
from the tank, and step-up ratio-changing incurs 
no danger of springing leaks in the main vacuum- 
tank. 

All three of these methods of lowering the 
step-up ratio permit abnormally high voltages 
to develop at the oscillator tubes, which may 
limit the extent of the reduction of the main high 
voltage, unless the oscillator power-supply 
voltage is also reduced. 


Transient voltages 


The presence of the direct anode voltage in 
the high-voltage vacuum-tank during a high 
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voltage discharge may momentarily short circuit 
the anode voltage-supply. A peculiar property of 
rarefied gaseous discharges is their ability to 
suddenly cease conducting, which could cause the 
momentarily short-circuited power-supply trans- 
former to become cleared so abruptly that it 
would develop a tremendous surge voltage. A } 
mfd. condenser across the supply line prevents 
the surge from rising to destructively high values. 
But now about 50 ohms is needed between this 
condenser and the anodes to prevent flashes in 
oscillator tubes, as flashes from the 
primary in the tank, from liberating sufficient 
gas to disrupt operation. 

The transmission line, on the other hand, with 
a well-insulated inductively coupled resonance 
transformer between the oscillator and the line, 
Fig. 1(e), avoids the high voltage surges by not 
having the anode voltage enter the high-voltage 
tank. Hence with this system there is no need for 
the surge-absorbing condenser which increased 


well as 


the severity of the flashovers. 


Grip BIAs 


Considerable variation in the high voltage that 
is generated with a fixed anode voltage can be 
effected by adjusting the grid-bias voltage. In 
fact, the reducing of an excessive bias is the most 
convenient means of advancing the voltage as 
the tank is progressively outgassed. 

The grid-bias voltage is most easily obtained 
Since the grid- 
the most satis- 


from a grid-leak and condenser. 
leak dissipates several kilowatts, 
factory resistance is that of a flowing water- 
column of variable length, between graphite 
electrodes. When the alternating anode supply- 
voltage is below the operating range, the tube 
impedance is so great that oscillations cannot 
occur, and considerable power is wasted in non- 
oscillatory anode current. This can be minimized 
by maintaining a constant bias instead of the 
variable voltage of the grid-leak. 

Rather than use a motor-generator, an 
effectively constant bias can be supplied during 
the alternate half-cycles of operation by square- 
wave pulses from a unique rectifier. An ordinary 
rectifier cannot pass the grid current because 
this 


voltage 


current flows in opposition to the bias 
But if a large hot-cathode mercury- 
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vapor rectifier is connected in series with a 
resistance across 110 volts a.c., the voltage drop 
across the tube during one half-cycle never rises, 
for example, above 15 volts. A large 110—11,000 
volt transformer connected across this tube will 
give practically constant 1500 volts for nearly a 
half-cycle, with the striking property that grid 
current can flow against this voltage, and merely 
increase the current in the rectifier tube. The grid 
potential cannot become highly positive during 
the next half-cycle because the resistance which 
connects the primary to the 110 volt line limits 
the power which a positive grid can draw from 
the transformer. 

To initiate oscillations, the biased oscillators 
must have their grids made more positive by a 
transient voltage which may be applied as the 
anode voltage nears its maximum. As few cycles 
of operation as are desired may be used each 
second. The efficiency, as an x-ray generator, is 
greatly increased by quadrupling the electron 
emission and using only every fourth cycle of the 
power source, with a corresponding reduction of 
the resonance transformer power dissipation. 


Cort CONSTRUCTION 


The coil is located in a water-cooled copper- 
lined steel tank more than a meter in diameter 
and equally high, which is exhausted to less than 
10-° mm Hg pressure by a 250 liter-per-second 
Apiezon oil diffusion pump system. The shape of 
the coil is chosen to give the maximum value of 
the ratio L/ RC consistent with adequate cooling. 
A typical high-voltage }) coil has 12 turns of 
i’ diameter copper pipe wound into a cylindrical 
coil about 14 inches in diameter and 15 inches 
long. It is supported by one end which is 
grounded where it passes through the roof of the 
surrounding metal tank to connect with the 
cooling-water system. The resonant frequency is 
about 6000 kc or 50 meters wave-length. 

The coil is wound of two concentric copper 
pipes, so that cooling water may flow down 
between their walls and return in the inner 
pipe, and also cool whatever electrode is attached 
to the high-voltage end of the coil. Although a 
peak of over 200 kw is produced in the coil by 
the modulated high-frequency currents when 
developing 890,000 volt x-rays, the average rate 
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of heating equals a continuous dissipation of 
only 30 kw, which the cooling water must carry 
out of this coil, in addition to the heat developed 
in the high-voltage electrode. Heat-transfer be- 
tween the outgoing and the incoming water is 
reduced by covering the inner pipe with rubber 
tape. To protect the rubber against erosion, it is 
wrapped with a layer of copper tape. 

For x-ray use, either the anode or the cathode 
may be on the high-voltage end of the coil. In.the 
latter case the filament leads may be placed 
inside of one of the water passages in the pipes 
of which the coil is wound. 

Since it has twice the impedance of a }) coil, 
a 4d coil will generate y 2 times as much voltage 
as will the }\ coil, for a given power. Hence an 
X-ray generator superior to the }A coil of Fig. 3 
may be obtained by using one of the 4, coils of 
Fig. 2, connected as in Fig. 1(d), having an anode 
on one end and a cathode on the other. 

A smaller }) coil, for twice as high frequency, 
is obtained if instead of using concentric pipes, a 
single small! pipe is wound into a coil that has its 
cooling water discharge out of its high-voltage 
end into the equally high-voltage end of a similar 
coil, and thus return to ground. These two coils 
with a single voltage maximum may be located 
on a common axis with their high-voltage ends 
adjacent, in which case a reversed direction of 
winding of one coil improves the magnetic circuit. 
The simplest transformer to adjust, however, is 
the large }\ coil wound with concentric cooling 
pipes. 

X-Ray GENERATOR 

The x-ray cathode structure shown in Fig. 3 
has a straight tungsten filament surrounded by 
a grid that has a negative bias of several thousand 
volts. The purpose of the grid is to prevent the 
escape of electrons, except when the nearby 
anode is near its positive voltage maximum. An 
emission current of 5 milliamperes, average- 
value, may actually consist of short pulses of 
current which momentarily rise to 200 milli- 
amperes. Because of these high current densities, 
it is not practical to use a zero potential grid and 
thereby obtain a similar bias action by means of 
space charge alone. The ideal cathode is a very 
hot one whose emission is controlled solely by the 
grid. Since the anode potential must be near its 
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most positive value in order that an electron 
current may flow to it, the x-rays are produced 
almost as though the anode were connected to a 
high-voltage direct-current supply. 

The intensity of the x-rays is as great as the 
intensity produced by other types of high- 
voltage tubes. It is limited only by the over- 
heating of the water-cooled target. Special me- 
chanical damping of the coil is necessary to 
prevent the coil that supports a positive ion 
accelerator electrode from vibrating, but for 
X-rays, it is advantageous to use no damping. 

The free end of the coil may be kept in sus- 
tained vibration by the magnetic and electric 
forces on the coil, with the amplitude of vibration 
controlled by the adjustment of the grid tuning 
coil. This movement of the high-voltage coil 
changes its frequency relative to the grid tuning, 
and the changing efficiency of oscillation alters 
the power output and the forces on the coil. The 
magnetic field is sufficient to unwind the coil 
through an angle of 3° in the steady vibrationless 
state. The motion of the x-ray target is largely 
at right angles to the direction of the electron 
stream, hence the small area of impact remains 
at rest in space while sweeping over a large anode 
surface to facilitate the heat dissipation. With- 
out this movement of the anode, the stream of 
electrons can be swept over the target face by 
deflecting fields analogous to those of cathode- 
ray oscillographs. 

The absorption curves of Fig. 5 indicate an 
operating voltage of 800,000 volts with 30 kw 
in the coil. The voltage is confirmed by the 
absorption coefficient per electron in aluminum, 
using the Klein-Nishina formula. These curves 
were obtained from a resonance transformer 
driven by a pair of 100 kw oscillator tubes, con- 
nected as in Fig. 3. With a filter of 5 mm steel 
and 5 mm lead, the intensity at 0.7 meter from 
the tungsten target, when using 2.8 milliamperes 
emission, is 20 Roentgen units per minute. As 
it is normally adjusted, this resonance trans- 
former will carry an electron current of 10 milli- 
amperes to its high-voltage end without notice- 
ably lowering the voltage, but no target can 
withstand it. By virtue of the resonant circuit, 
the sinusoidal voltage of the useful and inverse 
half-cycles are equal. 
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Fie. 5. Absorpt ion of X-rays in lead. 


The 700 kv and 800 kv curves were taken with 
the x-ray cathode-grid bias-voltage somewhat 
lower than the value subsequently adopted. The 
effect of the higher bias is clearly seen in the 825 
kv curve, which lies much higher than the others, 
indicating a greater freedom from soft x-rays. 
Some earlier curves of Coolidge* and Lauritsen’ 
are shown for comparison. 

For therapeutic use, the entire tank is covered 
with 2” of lead, except at the treatment port- 
holes, and is placed in a room walled with }” 
lead with an additional 2” of lead between the 
tube and the operator. 

With increased water-cooling of the high- 
voltage circuit, the voltage can be raised when- 
ever clinical observations justify the change. 


PostTIvVE Ion ACCELERATOR 


The original purpose in developing the high- 


voltage resonance transformer was for the mul- 
tiple acceleration of ions. The most intense source 
of ions of gaseous elements has proved to be that 
type which was originated to supply mercury 
ions for multiple acceleration.‘ The plasma of a 
low-voltage high-current gaseous discharge of the 
hot-cathode type supplies the ions which are 
accelerated and focussed by the field in a positive- 


? Coolidge, Dempster and Tanis, Am. J. Roentgenol. and 
Rad. Therapy 27, 405 (1932) 

? Lauritsen, private communication. 

‘ D. H. Sloan and E. O. Lawrence, Phys. Rev. 38, 2021 
(1931). 
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ion space-charge sheath of 20,000 volts or more, 
which the ions cross in falling toward a negative 
electrode that is pierced by a small hole through 
which emerges the ion beam of several milli- 
amperes. 

The scheme for the high-voltage double- 
acceleration of hydrogen or helium ions consists 
in having a hollow open-ended horizontal water- 
cooled metal cylinder attached to the high 
voltage end of the coil, Fig. 4. When this cylinder 
is highly negative, the intense beam of many 
milliamperes of positive ions is accelerated into 
one end of it from the ground-potential ion- 
source. These ions travel along the axis of the 
hollow field-free interior and emerge from the 
opposite end of the accelerating cylinder one 
half-cycle later when it is highly positive. The 
ions then receive a second acceleration, doubling 
their energy, as they pass to the wall of the tank, 
through which they emerge to be used at ground 
potential, for bombarding atomic nuclei under 
investigation. 

The development of a high-voltage double- 
acceleration tube for protons and deutons has 
just been completed by Dr. J. J. Livingood and 
the writer, and is soon to be described in detail. 
Likewise, a description of a resonance trans- 
former x-ray tube installed at the University of 
California Medical School by Dr. M. S. Living- 
ston and M. A. Chaffee will soon be published. 

The writer is deeply indebted to Dr. J. J. 
Livingood, Dr. F. M. Exner, and Professor E. O. 
Lawrence for their very active participation in 
developing this method. The cooperation of Dr. 
L. F. Fuller is highly appreciated. The work was 
carried on with the financial support of the 
Research Corporation and the Chemical Foun- 
dation, and the valuable cooperation of the 
Crocker Institute of Cancer Research. This op- 
portunity is taken to thank also the General 
Electric Company for donating power-supply 
transformers, and to thank the American Smelt- 
ing and Refining Company for providing the lead 
shielding. The writer is personally grateful to the 
Charles A. Coffin Foundation. 
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Loss and Restoration of Photoconductivity in Red Mercuric Iodide 


Foster C. Nix, Bell Telephone Laboratories 


(Received November 5, 1934) 


Single crystals of red mercuric iodide, which normally 
display photosensitivity when precipitated, lose their 
photosensitivity on aging. This loss is accompanied by a 
change from the mono- to the polycrystalline fibrous state 
with considerable randomness of orientation of the indi- 
vidual crystallites. The nonsensitive crystals can be 
resensitized by subjecting them to an electric field for a 
time of the order of a few minutes. The increase in photo- 
sensitivity is accompanied by a decrease in the dark cur- 
rent. These correlated phenomena may not occur till after 
the lapse of an appreciable time after the field is first 
applied. The rate of decrease of the dark current with time 


is greater the lower the temperature. The data also suggest, 
but do not conclusively demonstrate, that the dark current 
increases with decreasing temperature. The rate of resensi- 
tization and the magnitude of the attained photosensitivity 
are found to increase with (a) increase in applied field 
strength and (b) decrease in temperature. When the light 
is turned on the photoelectric current is found, under 
certain circumstances, to rise briefly to a maximum and 
then descend to a permanent value at which the total 
current is equal to the value of the dark current prevailing 
when the voltage was first applied. 





RYSTALLINE materials exhibiting internal 

photosensitivity have been divided by 
Gudden and Pohl':? into two arbitrary classes, 
designated as “‘idiochromatic’”’ and “‘allochro- 
matic."’ The former are photosensitive in their 
initial and pure state while the latter acquire 
their photosensitivity through special treatments 
which (with one exception) disturb the stoichio- 
metric chemical equilibrium. 

The reaction products of these treatments are 
essentially the same, i.e., the photoactive centers 
are thought to consist of a quasi-neutral alkali 
atom with the valence electron more or less 
loosely bound. This loose binding is evident from 
the fact that electrons can be elicited either by 
heat, or light of suitable wave-length (for the 
most part, light of the visible spectrum possesses 
sufficient energy for the alkali halide crystals). 
Stasiw*® has shown that the active centers when 
acted upon by the above agents elicit negative 
carriers which then move toward the anode under 
the influence of an applied potential. On reversal 
of potential the “electron cloud” reverses its 
direction of propagation. 

Stasiw* and Pohl® were able to produce the 
active centers in a most ingenious way. This 
scheme consisted essentially in allowing electrons 


1B. Gudden, Lichtelektrische Erscheinung (Julius 
Springer) (1928). 

?F. C. Nix, Rev. Mod. Phy. 4, 723 (1932). 

+O. Stasiw, Nachr. d. Ges. d. Wiss. z. Géttingen Math.- 
Phy. Kl. 1 (1932). 

*O. Stasiw, Nachr. d. Ges. d. Wiss. z. Géttingen Math.- 
Phy. KI. 387 (1933). 

*R. W. Pohl, Phys. Zeits. 35, 107 (1934). 
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to enter the crystal from a pointed cathode. 


The electrodes of a KCI crystal consisted of a 
platinum foil fused onto the end of the crystal 
which served as an anode, while the cathode 
consisted of a pointed platinum wire. On im- 
pressing a potential of a few hundred volts 
across the crystal, when the latter was heated 
to a temperature of two or three hundred 
degrees, there resulted the flow of electrons out 
of the cathode into the crystal. This was accom- 
panied by a pronounced discoloration of the 
crystal as could easily be seen with the unaided 
eye. For KCI the crystal appears violet in color. 
The process is though by Pohl and his collabo- 
rators to consist in the diffusion of anions 
out of the crystal to be replaced by electrons 
emerging from the pointed electrode. This 
process would result in an electrically neutral 
crystal with an anion deficit. However, it is 
difficult to understand how this proposed process 
could account for the phenomenon since numer- 
ous experiments indicate that cations® are the 
carrier of the electrolytic current in the alkali- 
halide crystals at temperatures up to ca. 500°C. 

The ‘‘additive’’ method as introduced by 
Siedentopf’ and Giesel® consists in heating a non- 
sensitive alkali-halide crystal in a closed vessel 
containing alkali vapor. The vapor need not 
necessarily be the metal forming the cation of 


*C. Tubandt, Handbuch d. Exp. Physik 12, Part 1, 
Akadem. Verlags. Leipsig (1932). 

7H. Siedentopf, Phys. Zeits. 6, 855 (1905). 

*F. Giesel, Ber. d. Deutsch Chem. Ges. 30, 156 (1897 
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the crystal in question; e.g., alkali vapors other 
than sodium can provoke discoloration and 
sensitization of rocksalt. This discoloration of 
the clear rocksalt was thought by Siedentopf to 
consist of a diffusion of the alkali metal atoms 
into the crystals; principally through places of 
imperfections such as holes, fissures, etc. 

Still a third and important method of pro- 
ducing internal photosensitivity (Goldstein,’ 
Réntgen and Joffé'®) consists in the irradiation 
of nonsensitive crystals with light of sufficiently 
short wave-length (gamma-rays, x-rays and 
ultraviolet). This photochemical process is 
thought to evoke an electron transfer from anion 
to cation, thus producing quasi-neutral alkali 
and halogen atoms. The allochromatic crystals 
suffer a discoloration by the above treatments. 
Clear rocksalt becomes a yellow, while KBr 
becomes bluish-violet. 

The concentration of the photoactive centers 
is found to vary from 10" to 10" per cubic 
centimeter. However, the concentration can be 
influenced by the past history of the material ; 
e.g., greater concentration of centers can be 
obtained in materials which have been rapidly 
cooled or in crystals which have remained in a 
strained state after formation from the melt. 

On plotting the velocity of propagation of the 
slowest of an isolated group of electrons under 
the influence of an applied electric field as a 
function of temperature, it is found that a 
striking similarity exists to a similar plot of 
electrolytic conductivity vs. temperature for 
KCl.4;5 At temperatures in the range of the 
lower branch of the curve the electrons have a 
velocity distribution, the spread of which de- 
creases with increasing temperature, becoming 
uniform at ca. 670°C and remaining so for the 
range of still higher temperatures studied. 

The agreement as to slope and point of change 
of slope between the two different sets of data 
lends strong evidence to support the contention 
of Pohl® and his collaborators, concerning the 
relationship existing between electrolytic dark 
current and emanation of electrons out of the 
pointed electrode, as expressed above. At least 
it must be admitted that there is a close con- 

*E. Goldstein, Zeits. f. Inst.-Kunde 16, 211 (1896); 


Berl. Ber. 222 (1901 
1° W. C. Réntgen, Ann. d. Physik 64, 1 (1921). 


nection between the electrolytic dark conduction 
and the velocity of propagation of the “electron 
cloud”’ under the influence of an applied electric 
field. 

In the processes described in the foregoing 
paragraphs the mechanisms of sensitization have 
all dealt with the production of a discoloration 
and consequent photosensitization by either 
allowing foreign bodies to-diffuse into the “non- 
sensitive’ material, or by photochemical means. 
In the following we will describe the discovery 
of loss of internal photoelectric sensitivity with 
time in inherently sensitive singlé crystals of red 
mercuric iodide and with detail studies of the 
factors involved in their resensitization. 

During the course of a study of the photo- 
conductivity of extremely pure single crystals 
of red mercuric iodide, which were prepared by 
slow precipitation of purified material from 
ethyl alcohol, we observed that after the lapse of 
one and one-half years of undisturbed rest the 
crystals had lost a considerable portion or even the 
whole of their photosensitivity. During the course 
of a series of measurements made to ascertain 
the nature of the current-voltage curve (readings 
being taken at random in order to eliminate any 
effects which might result from the order in 
which the measurements were made) an increase 
in sensitivity was Observed at lower voltages 
after readings had been made at higher voltages. 
We were able to obtain reproducible results in 
these measurements only after we had allowed 
the highest voltage which was used to remain 
impressed across the crystal for several hours. 
In other words, the impressed voltage resensitized 
the previously desensitized crystals. We found 
further that many crystals had completely lost 
their inherent photosensitive properties. These 
completely desensitized crystals could then be 
sensitized by allowing a sufficiently high voltage 
to remain impressed across the crystal for times 
comparable to those required to resensitize the 
partially sensitive crystals. The data used in 
plotting the following curves were taken on 
sensitization studies of crystals which had be- 
come completely nonsensitive. 

These nonsensitive crystals have continued to 
change as regards the rate of resensitization, 
magnitude of the dark current, etc., ever since 
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Fic. 1. Experimental glass tube with amber insulation, 
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Fic. 2. Curves showing the rate of resensitization and 
decrease of dark current with time: Steady-state current 
is depicted by the dashed line. Applied electrostatic field 
strength 6500 volts/cm. 


the effect was discovered about two years ago. 
In general: the older the nonsensitive crystal, 
the larger the dark current, the slower the rate 
of resensitization and the more rapid the rate of 
loss of photosensitivity after resensitization. 
The resensitized crystals lose their photosensi- 
tivity after a certain length of time. In the early 
stages of these studies crystals were observed to 
lose their photosensitivity only after many days, 
whereas they now lose it completely in some 
ten or twelve hours after resensitization. The 
time necessary for the disappearance of the 
photosensitivity after resensitization can be 
substantially shortened, by impressing potential 
of opposite polarity to that used during the 
resensitization, also, in the early stages of the 


resensitization, by irradiation with light from a 
tungsten lamp. We have been unsuccessful up 
to the present time in finding any factors which 
can influence the rate of loss of the original 
intrinsic photosensitivity. 

The data to be presented in the following 
pages cannot be considered as quantitative. 
However, we have selected data made from 
studies on one particular crystal in a space of 
time small enough to permit comparable meas- 
urements to be made. Comparison of Figs. 2 
and 6 will show some of the general changes 
that have taken place over a period of two 
months. 

For the purpose of resensitization, the de- 
sensitized single crystal was placed between two 
smooth platinum-faced electrodes. The electrodes 
were firmly pressed against the smooth crystal 
faces by means of finely adjustable jaws. The 
amber-insulated crystal holder was mounted on 
the end of a re-entrant hollow copper tube which 
was sealed to the outer walls of the Pyrex glass 
tube (Fig. 1). Amber insulation was used 
throughout the tube. All measurements were 
made with the tube evacuated to a pressure less 
than 10-* mm of Hg. The currents were measured 
by means of a string electrometer which regis- 
tered the drop of potential across a sputtered 
carbon film, of 10° ohms resistance. The crystal 
was connected in a simple series circuit con- 
taining large heavy duty ‘“B”’ batteries and the 
high resistance. The voltage was applied con- 
tinuously, unless otherwise stated, during the 
course of the measurements. Measurements were 
made at temperatures (+23°C, 0°C, —33°C, 
—79°C, —183°C). The procedure consisted in 
observing (a) the dark current at the moment 
when the voltage was applied (hereafter to be 
called ¢=0) and at various times ¢ thereafter; 
(b) the result of illuminating the crystal for 
various time-intervals beginning at various times 
t. In what follows, we denote the dark current 
by i,”; its value just after the voltage is applied 
(t=0) by tw”; the total current just after the 
light is turned on at instant ¢ by (4,2+%°); 
the total current after the light has been shining 
for a while (see below) by 1,. We apply the name 
“initial photoelectric current’’ to %°* (i.e., the 
augmentation of current occurring as soon as 
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Fic. 3. Curves depicting the same relationship between 
decrease in dark current, rate of resensitization, with time 
as Fig. 2 at a lower field strength. Field strength 3390 
volts/cm. 


the light™ is turned on), and the name “‘steady- 
state current” to 7,. 

In Figs. 2 and 3 are plotted the values of 
ie’, io* and 7, observed with our crystal while 
the voltages there indicated were being con- 
tinuously applied from t=0 over a period of 60 
or 80 minutes, and light was being turned on 
occasionally for short intervals of time. It is 
seen that the dark current decreases steadily 
from ip”, while the initial photoelectric current 
increases steadily from zero. 

Two cases are to be distinguished : 

(I) If the light is turned on after the lapse of 
some minutes, io* is so large that in spite of the 
diminution of 7”, their sum is greater than ig”. 
Under these circumstances the total current does 
not remain equal to (i,°+%9*) but rapidly declines 
to a value i, not very different from ig”, at which 
it remains constant so long as the light continues to 
shine. This remarkable fact (further illustrated 
in Fig. 4 and further discussed) has been estab- 
lished for room-temperature. At lower tempera- 
tures we observe the constant value 7,, but 
cannot compare it with the value of to”, because 
of the extremely rapid decrease in 7”, thus 
preventing reliable values of ip? to be obtained. 

(II) For small values of ¢ such that the sum 
of i,” and i* is smaller than ip”, the total current 
remains constant throughout the illumination at 
the value—i.e., (1,2+2*)—which it assumes as 
soon as the light is turned on. 

u The data presented were obtained with general radia- 
tion from a tungsten lamp. From numerous measurements 
made with monochromatic radiation from various parts 
of the spectral sensitive domain of red mercuric iodide it has 
been definitely established that the behavior described is 
independent of the character of the light used so long as it 


falls in a spectral region to which the crystal is photo- 
electrically sensitive. 
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Fic. 4. Curves showing the constancy with time of the 
dark current during the incubation period and effect of 
constant illumination on the rates of change of photo- 
electric and dark currents. 


It is seen in Fig. 3 that there is no perceptible 
photoelectric current for an appreciable time T 
after the voltage is applied ; and that then there 
occurs an apparently simultaneous decrease in 
the dark current and increase of the photoelectric 
current. We call the period 7 the “incubation 
period.” It varies in duration from zero (or a 
length too small to observe) up to several hours. 
We have not been able to obtain any data 
concerning the factors controlling the lengths of 
these incubation periods. Attempts to correlate 
crystallographic directions and incubation peri- 
ods have proved to be futile. However, it is 
clear that there exists an intimate relationship 
between the decrease in dark current and the 
resensitization process. It is a rule illustrated in 
Figs. 2 and 3, that the higher the applied field 
the more rapid the decrease in dark current and 
increase in photoelectric current with lapse of 
time after the incubation period ends. (Note 
that in the case of Fig. 2, T is imperceptibly 
short.) It is also seen that the higher the voltage 
the larger the final sensitivity attained, with an 
accompanying increase in steady-state current 
(1,) and value of the dark current at t=@ (iy”). 
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Fic. 5. Curves depicting the rate of resensitization at 
temperatures between and including room and liquid air 
temperatures. 


Fig. 4 depicts the relationships between the 
dark, initial photoelectric and steady-state cur- 
rents in a case in which an incubation period of 
some 17 minutes was observed. It also clearly 
shows the effect of steady illumination of the 
crystal after the incubation period is past and 
the photoelectric current becomes appreciable. 
The points A and A’ mark the end of the 
incubation period, when the dark current begins 
to decrease with accompanying development of 
photosensitivity. Beginning at the time corre- 
sponding to BB’ the crystal was irradiated 
continuously for 10 minutes. (Note how rapidly 
the photoelectric current rises to and drops from 
its ‘‘initial’’ value i* represented by B, and how 
constant it remains during the whole subsequent 
ten minutes at its steady-state value as shown 
by the points along CD.) At the time D the 
voltage and the light were cut off simultaneously. 
The voltage was then re-impressed across the 
crystal at the time corresponding to EE’ and 
the light turned on again immediately for a brief 
flash, whereupon the initial photoelectric current 
(t9*) and dark current (#;”) were found to be 
equal to E and E’, respectively. The sensitization 
was then allowed to proceed in the normal 
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manner—voltage applied continuously, with oc- 
casional flashes of light to establish the degree 
of photosensitivity. Jt is to be noted that constant 
illumination during the time interval B—D had 
no detectable effect on the subsequent trend of 
the curves depicting dark current (i,”) and 
photoelectric current (io*). The sensitization ap- 
pears to have continued its normal course along 
EF(E’ F’) accompanied by the same steady-state 
current, as if during the illumination it had been 
neither hastened nor retarded. In other words 
the period of constant illumination simply served 
to displace the extension of AB and A’B’ along 
the time axis to EF and E’F’. The steady-state 
current 7, again is equal to the value of the dark 
current at t=O0(i”). 

In view of the close relationship existing 
between the dark current and photosensitization 
of a desensitized crystal, it was of especial 
interest to study the rate of sensitization as a 
function of temperature. If the dark current 
which we measure is of an electrolytic nature 
we should expect it to decrease very rapidly 
with decreasing temperature with a consequent 
decrease in the rate of sensitization. However, 
we found the contrary to be the case. Fig. 5 
shows a family of curves depicting the initial 
photoelectric current %* as function of time 
measured from the application of the voltage or 
from the end of the incubation period, at a 
number of temperatures between and including 
room and liquid air temperatures. These results 
show that the rate of sensitization increases with 
decreasing temperature. This is in strong contrast 
to the results of Pohl and Stasiw in which they 
found the “rate’’ of sensitization of KCI to 
increase exponentially with increasing tempera- 
ture at a rate comparable to the increase in 
electrolytic conductivity with increasing temper- 
ature. At liquid air temperature the rate of 
sensitization is so great that the stages of the 
increase are not observable by the means which 
we have hitherto used to study the effect. 

In general the lower the temperature the 
greater the ultimate sensitivity attainable. How- 
ever, as is to be seen from Fig. 5 there exists 
some inconsistency in the photoresponse at CO, 
temperature (—79°C) for it is somewhat less 
than the response at liquid ammonia temperature 
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Fic. 6. Curves showing same relationships as Fig. 3 


between rate of sensitization and decrease of dark current 
with time. These measurements were made on the same 
crystal as was used in Figs. 2, 3, etc. Measurements made 
date two months later 
33°C). Nevertheless we feel justified in con- 


cluding from numerous experiments that in 


general the lower the temperature the greater the 
photoelectric sensitivity attainable. 

In view of the fact that the electrolytic dark 
current in inorganic salts, e.g., KCI, decreases 
dec reasing 


the 


exponentially with temperature, it 


dark 


appears improbable that observed 
currents are of this character 

Fig. 6 shows the relations between dark (7,” 
steady-state and initial photoelectric (4 


79°C 


cur- 
The 
the 


rents as a function of time for 


same general behavior was found as in 


experiments conducted at room temperature 


These data were obtained some two months 


later on the same crystal as was used for the 


series of experiments given in Figs. 2 to 5 


Comparison between the —79°C curve in Fig. 5 


with the photoelectric current curve in Fig. 6 
shows some of the effect of increase in age on 
the properties of the crystals. It has been 
generally observed that the dark conductivity 
tends to increase with increasing age of the 
crystals 

Comparison of x-ray patterns made of in- 
trinsically sensitive (i.e., freshly-made) and 


desensitized crystals shows a marked difference 


in the physical state of the crystal: the sensitive 


1+ } 


crvstals are found to be monocrystalline, whereas 


desensitized ones show a 


structure with 


the 
fiber 


polycrystalline 


considerable scattering 
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diffraction patterns of (A) sensitive and 


Retouched to br ng out contrast 


X-ray 


Fic. 7 
, 


B) desensitized crystals 


Fig. 7A shows a typical x-ray diffraction pattern 
of a freshly-made sensitive crystal, while Fig. 7B 


The 


lattice constants of the sensitive and desensitized 


is representative of the desensitized crystals 


crystals were found to be identical, with no 


detectable change in relative intensity of spots 
and without the appearance of new lines. The 
X-ray patterns of resensitized crystals were found 
to be identical with those of the desensitized 
ones, L.e., Fig 7B 


It does not seem probable that the mechanism 


of sensitization used in the present work is 
identical with that which was used in the 
Stasiw and Pohl experiments; for: (1) the rate 


ol sensitization does not increase exponentially 
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with increasing temperature as in the Stasiw 
and Pohl experiments, but on the contrary 
decreases with increasing temperature ; (2) sensi- 
tization does not necessarily result merely from 
the passage of a dark through the 
crystal but commences only when the dark 


current 


current begins to decrease with time; (3) the 
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dark current does not decrease exponentially 
with decreasing temperature but remains com- 
paratively large at low temperatures. 

In conclusion we wish to thank Dr. 
Darrow and Mr. E. J. Murphy for 
stimulating and helpful discussions during the 
preparation of this manuscript. 
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A modification has been introduced in the apparatus usually employed for the time lag experi 
ments, thereby enabling photometric measurements to be made. Minima were observed, but they 


were not confined to definite trolley positions. This apparatus has served to emphasize the variations 
in the exciting magnetic field, but has not disclosed evidence to support the view that sharp minima 


due to other causes are present. 


HE problem of the time lag in the Faraday 

effect and of other possible related effects 
has been under examination for a long time, but 
within the past few years the results of Beams 
and Allison,' and particularly of Allison and 
his students,” have aroused much interest. The 
whole problem obviously demanded the atten- 
tion of workers in numerous other laboratories, 
in order that the results might be checked, and if 
possible enough material obtained for a satis- 
factory basis to a theoretical treatment of the 
subject. 

To assist in the study of this problem, the work 
reported in this article was begun about three 
years ago with the apparatus 
substantially in accord with the descriptions in 
the references cited. On the first apparatus 
constructed the results were largely qualitative, 
and completely negative so far as sharp minima 


installation of 


were concerned. 

The qualitative results of the original set-up 
may be summarized in way: First, the 
existence of the broad minimum for CSz in both 
cells was readily shown, and a satisfactory ex- 


this 


planation in terms of the electrical constants of 
the circuit was demonstrated. This is in agree- 


! Beams and Allison, Phys. Rev. 29, 161 (1927). 


® Allison ef al., J. Chem. Ed. 10, 2 (1932). 


ment with the findings of Slack and Breazeale 
and of Webb and Morey.‘ Second, it was shown 
that temperature effects in the CSe cells were 
Because of this water- 


apt to be troublesome. 
cooled cells have been used since that time 
whenever measurements have been made. In 


addition the variability of the spark was clearly 
another hindrance to satisfactory observation. 

Having failed to note definitely any sharp 
minima, one of us (H. W. | Dr. Alli- 
son's laboratory in August, 1933, where every 
was shown, and every opportunity 


*.) visited 


courtesy 
given to study the apparatus, method of observ- 
ing, as well as other details of the work. On the 
second day minima of the sharp type were seen 
in his apparatus. Minima were also seen a few 
days later in the laboratory of Professor F. G. 
Slack at Vanderbilt University. 


APPARATUS 


Our apparatus was then completely rebuilt in 
a larger room, reproducing with extreme care 
every essential of the apparatus seen in Alabama. 
In some respects minor changes were introduced 
For example the sliding bridge or ‘“‘trolley”’ 


Slack and Breazeale, Phys. Rev. 42, 305 (1932). 
* Webb and Morey, Phys. Rev. 44, 589 (1933). 
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C, D 


Fic. 1. Optical system used to give a comparison field. S, magnesium spark; L, lens; F, filter; D, diaphragms; 
N,, polarizer for direct beam; Ci, C,, Faraday cells inside coils; Ns, analyzer; T, telescope; M, cover glass at 45° to 
axis of system; P:, P:, Ps, right-angle prisms; N;, polarizing Nicol in comparison train, set parallel to N,; Nz, 
rotating Nicol from which scale angles are read for measuring intensities. 


which moves over the long wires seemed in some 
of the set-ups to fail occasionally to make posi- 
tive contact, and we had demonstrated that a 
minimum could be simulated by a contact varia- 
tion. Our bridge therefore was designed to pre- 
vent such difficulty. 

The hand wheel which operates the trolley 
by means of cords and pulleys was purposely 
arranged to facilitate slow motion of the trolley 
and no observer has been permitted to check the 
relation between the motion of the trolley and 
that of the periphery of the wheel. 

After construction, the next task was to set 
our scale, and it was thought best to locate first 
the CS, minimum as accurately as possible and 
then to work from that to locate the HCI mini- 
mum generally used for setting the scale. The 
general region of the CS: minimum was found, 
but when HC! was used in the second cell, minima 
similar to those seen in Alabama were observed 
for many different trolley positions. Records of 
these minima failed to indicate any definite or 
favorite location and finally an attempt was made 
to locate them by having one of us observe while 
the other moved the hand wheel. The same sort 
of results as before were obtained, the observer 
at last reporting minima while the assistant had, 
without the observer’s knowledge, ceased moving 
the trolley. 

This led to the adoption of the arrangement 
shown in Fig. 1 for providing a comparison 
field. The light for the comparison field is thus a 
certain fraction of that passing through the ex- 
perimental cells. Since the plane of the reflecting 
surface, M, is vertical, the first Nicol, N3, in the 
“shunt”’ path was set to pass the vertical com- 
ponent. The second Nicol in the shunt path, 
N,, has a circular scale and is initially set with its 


principal plane at right angles to that of Ns. 
The Nicol, N,, is capable of rotation by turning 
either fast or slow motion knobs within easy 
reach of the observer. Since the analyzer, No, is 
set with its principal plane parallel to that of 
N;, it follows that on rotation of N, through an 
angle @ there passes Nz from the shunt path a 
horizontal component of magnitude K sin’ @, 
the value of K of course depending not only upon 
the source, but upon the number of reflecting 
surfaces and the characteristics of the media 
involved. Furthermore the amplitude of the 
light pulse passing N: from the direct path, as 
well as that from the shunt path, is directly 
related to the intensity of the original light from 
the spark, and if the optical paths are identical, 
the comparison of the two fields is independent 
of the mtensity of the light from the source. 
(Actually in our arrangement the shunt path 
was about 20 cm longer, but this remained con- 
stant, and therefore introduced no great error.) 
As a result the rotation of N, is a measure of 
whatever takes place in the direct beam during 
the passage through the Faraday cells. 

The angular aperture of the field observed was 
actually about five degrees, thus being sufficiently 
large to make proper comparison. While we took 
no measurements of field brightness, it should be 
stated that no measurements were taken on the 
apparatus until the observers had been in the 
dark for at least fifteen minutes. At the lowest 
intensities measured, the field could not be seen 
before fifteen or twenty minutes of dark adapta- 
tion. 

If the adjustment is properly made, this ar- 
rangement should eliminate trouble caused by 
spark variation whether that variation is in 
actual brightness or in position between the 








80 H. W. FARWELL 


| 


q 


1.008 


004 





°o == - 
024 6 & # l2 4 16 1 2022 24 26 286.3052 4 3658 40 


Trolley Position 


Fic. 2. Trolley position and light passed through cell C>. 


faces of the electrodes. Study of the change pro- 
duced in the fields at the separating lines showed 
that change of spark position did not produce 
any abrupt change in the fields. We believe that 
this procedure is essential in such experiments 
as the one under discussion, whether the visual 
method or the photoelectric cell method of ob- 
servation be used. Actually we used the visual 
method for two reasons, it was the one used by 
others in this work, and it is probably more 
satisfactory at the extremely low intensities 
involved. If further work on the problem is 
carried out, the two beams need not be brought 
into a single field but each may be passed through 
an analyzer and into a photoelectric cell, the 
two photo-cells being connected to oppose each 
other in feeding into the detector system. 


TEST OF THE PHOTOMETER 


Having a suitable measuring tool we first 
showed that the rotation produced in the Fara- 
day cells was definitely related to spark gap 
width, increased intensity resulting from in- 
creased gap. An illustration of this is found in 
Fig. 5. Hereafter all readings were taken with 
gap adjusted to the same width after every two 
observations, the practise being to set Nicol 
N, for a match first from one side, when the com- 
parison field was too bright, then from the other, 
when the comparison field was too dark. The 
mean of these two settings represented one 
reading for a photometric match. 

To test the method more definitely we meas- 
ured the amplitude of the light passing through 
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N, 


Displacement of 
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Fic. 3. Calibration of Nicol N,. 


cell C2, whose coil was in series with the movable 
trolley, when cell C,; and its coil were not used. 
The variation in the amplitude with trolley 
position is shown in Fig. 2 where the ordinate 
represents the square of the sine of the angle as 
read from the scale of Ny. The unit for the trolley 
scale is that usually employed and is equal to 
15 cm, so that a change of position of the trolley 
a distance of 1 scale division means a change in 
electrical path amounting to 10~-* second. The 
zero on our scale is arbitrary, but very roughly, 
10 on this scale corresponds to 15 on Allison's 
scale. Since the intensity of the light passing the 
analyzer N:2 is a function of the current in the 
coil, it should therefore be closely related to the 
impedance of the circuit. We have computed 
from our wave meter readings the values of 
1/wl for different trolley positions. For the sake 
of comparison these are also shown in Fig. 2. 

While this procedure is not quite rigorous, it 
is at least a very good approximation and it 
justifies the conclusion that the measuring ap- 
paratus is sufficiently reliable and sensitive for 
the purpose in hand. Further measurements with 
reference to electrical constants of the circuit 
have been quite in accord with the findings of 
Slack and Breazeale.* 

A further test of the photometer consisted of a 
measurement of the intensity of the light passing 
Nz when JN, was set at various small angles to its 
normal position. This is in effect a calibration of 
the scale of N, for measuring rotation angles in 
the cell system. The result of this calibration is 
set out in Fig. 3. 


MEASUREMENT FOR THE CS, MINIMUM 


Then followed the resumption of tests to 
locate as accurately as possible the position of the 
minimum for CS: in both cells, since this has 
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Fic. 4. Minimum observed for CS». 
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Fic. 5. Minimum observed for CS:, enlarged scale. 


been used by other observers as the standard 
reference point. The results of these tests are 
given in Figs. 4 and 5, where Fig. 4 gives a view 
of the test over a wide range, and Fig. 5 the re- 
sults of two attempts to get more definite loca- 
tion. The data shown by Fig. 4 together with 
those from many similar runs indicate that the 
minimum is at 9.6+0.5 scale divisions. The 
results shown in Fig. 5 indicate that the bottom 
of the curve is very flat and that this method 
will not give a more exact position than the one 
stated. Many attempts to observe fine detail in 
the intensity variation demonstrated only the 
considerable variation in the effective light, 
minima being frequently measured at points 
where later maxima appeared. Sets of observa- 
tions over the same range served to average out 
these minima, thus proving that they represented 
only temporary effects. This result gave a fairly 
definite reference point from which the approxi- 
mate position of reported minima could be cal- 
culated. This limitation of range seemed to be 
necessary in view of the somewhat laborious 
method we were using. In addition to these defi- 
nite measurements we have carefully swept the 
region by moving the trolley slowly and watching 
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Fic. 6. Observations on HCl. 





Trotiey Position 
Fic. 7. Observations on HCl, enlarged scale. 


for a change in the direct field after having set 
the comparison field for a match at the start. 
This procedure failed to indicate anything differ- 
ent from the results shown in our curves. It is our 
belief that this sweeping with the use of a com- 
parison field is far more reliable than in the case 
with no comparison field. 


OBSERVATIONS TO LocaTeE THE HCl MINIMA 


Since the sharp minima due to HCI have been 
given as perhaps the most pronounced and hence 
the most readily observed, and as located at 
+0.75 and +0.85 scale units from the CS, 
minimum, we felt justified in searching carefully 
in that region with our photometer. We have 
used various concentrations, but most of our 
measurements, including those of the diagram, 
were made with a concentration of HCI about 
1/300 normal in the second cell. The results of 
various runs are given in Fig. 6 for a wide range, 
and in Fig. 7 for a detailed short run in the 
region where the minimum might be expected. 
Minima are thus observable, but all sharp 
minima fail to maintain their identity when the 





82 H. W. 








7o Tro//e y 
To Tro//e Y 


fa) (b) 


Fic. 8(a). Circuit used for most of observation; 8(b). circui¢ 


commonly used. 


ey + ——y = y- 















7. 
“ 
S) 
5 
N 
3 - 
-S&ar @ 
2 } 
é gunn 
’ © Spork 
0 © Pont-o-/ite hw 
\ aoalilions + + 
: co 
Ns ¢ |] 
+ $4 


or a 40° 
Photometer Angle 


oO /o° 


Fic. 9. Comparison of observations with different light 
sources. 


results of repeated runs are averaged, leaving 
only the general form of curve to be expected 
from the difference in Verdet constants and the 
electrical constants of the circuit. No sharp 
minima at any characteristic trolley position 
were found when sweeping was employed. We 
are then obliged to conclude that on our set-up 
there are no permanent sharp minima for HCI. 


FURTHER OBSERVATIONS TO CHECK RESULTS 


For much of our work we used the circuit 
indicated in Fig. 8(a) instead of that of Fig. 8(b) 
which is commonly used in this experiment, but 
as far as our results go, the same conclusions hold 
with respect to both circuits. 

Our condensers were normally mica condensers 
with small leakage and low dielectric loss, but 
the general results were the same with these as 
with glass plate condensers. The readings with 
the glass plate condensers were more irregular 
showing the influence of the factors mentioned. 

Measurements on faint illuminations from a 
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Fic. 10. Four sets of readings showing variations in Nicol 
readings in matching halves of the field. 


Point-o-lite lamp were compared with those 
taken on the spark. Fig. 9 shows the variation in 
precision with the magnitude of the angle N,, 
the curve for the spark settings being the aver- 
age of a considerable number. The points plotted 
for the observations on the Point-o-lite source 
are from a normal run. This shows that the 
settings were more reliable if the source were 
constant. Since the personal errors are the same 
in the two cases it follows that the variations in 
the magnetic fields in the coils are responsible 
for some of the observed peculiarities. 

Observation of the voltage across the primary 
of the high potential transformer at the time 
photometer settings were made indicated no 
changes in voltage sufficient to account for the 
intensity variations observed. 

In practically every case our setting was made 
at the position where the two halves of the field 
showed the same general brightness, but seldom 
were conditions sufficiently steady to enable us 
to do better than to set at such a point that the 
direct beam was sometimes brighter and some- 
times darker than the comparison beam. It is an 
open question as to the disadvantage suffered 
thereby but in view of various reports® on com- 
parisons of steady fields at low illumination it 
seems probable that the accuracy of setting was 
not any the less on this account. 

To illustrate further the sort of change ob- 
servable we include in Fig. 10 the results of four 
individual runs made by the same observer. 
Each point is the mean of his two settings, and 
at the time of setting he was confident that any 


* Blanchard, Phys. Rev. 11, 81 (1918). 














TIME LAGS 
one setting was not in error by as much as 10 
minutes. While the personal error is certainly 
present, the sensitivity is such that variations 
greater than 15 minutes can hardly be ascribed 
to personal error, but to variations for which the 
spark is responsible. 

Our measurements further frequently show 
decided differences not only from day to day, 
but from hour to hour. For example, the first 
run in Fig. 10 shows most of the readings above 
those of later runs. We have tried to connect 
this with other known variables, the relative 
humidity for example, but so far as our records go 
the relation is not obvious. Careful watch of the 
magnesium electrodes shows that their behavior 
is not uniform, they wear away at a different 
rate at one time than another; sometimes the 
spark is held for quite a period at one local spot, 
and then it seems to wander more or less uni- 
formly over the face of the gap. We are of the 
opinion that at least a portion of this difficulty 
can be ascribed to lack of homogeneity in the 
electrodes. 

Further study of the temperature 
already mentioned in connection with our first 
set brought out some interesting facts. Part of 
the disturbance was clearly due to heat developed 
in the wire of the coils and conducted through the 
cylinder walls to the liquids in the cells, CS, 
being particularly sensitive on account of the 
large temperature coefficient of its index of re- 
fraction. The distortion observed did not occur 
as soon as the current began to pass through the 
coil, as would have been the case if eddy cur- 
rents caused by impurities had produced the 
heating, but only after a time interval which 
could be prolonged by blocking the cell up a 
trifle from the bottom. The water-cooled coil has 
eliminated this difficulty. 

Still another temperature effect was caused by 
evaporation of the CS, from the opening used 
for filling. This effect was quite distinct from the 
other, in that the conduction of heat to the cell 
was possible over a considerable area and hence 
caused a gradual wandering and distortion of the 
beam. The evaporation was of course quite local, 
and produced some fairly sharp contrasts in the 
field of view, at times making it impossible to 
get satisfactory photometer settings. This diff- 
culty was remedied by sealing up completely all 


effects 
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tubes containing liquids with large vapor pres- 
sures. 

The contrast between the success in discover- 
ing the cause of such disturbances when a com- 
parison field was used and the failure properly 
to diagnose disturbances of one sort or another 
without it has been so marked that it would be 
a serious oversight not to emphasize the fact. 


CONSIDERATION OF SUBJECTIVE EFFECTS 


Slack® has called attention to the very con- 
siderable influence of subjective reactions in all 
work of this sort. It is of course not to be expected 
that our work is free from such difficulties, but 
comparison between our attempts to locate, for 
example, the CS: minimum by observing the 
single direct beam and by comparing the direct 
beam with the comparison beam, show that the 
latter method is far more successful. During the 
course of our experiments we have been aware 
of numerous subjective effects, such as change of 
size of field, pseudocolor differences and general 
fatigue. 

In the matter of suggestion we have been most 
careful to keep the observer in ignorance of the 
trolley position, the order in which readings were 
taken, and the values of the readings on the scale 
of N,. For example, it has not been possible for 
him to know on any given trial whether he was 
taking an observation with the same or a differ- 
ent trolley position. Until the run was completed, 
the sole task of the observer has been to match 
the two fields in front of him. 

A peculiar result which, however, does not 
seem to bear upon our conclusions is the fact 
that almost invariably one of us sets the Nicol, 
N,, at larger angles over a given run than does 
the other. Since the work is practically all done 
with filters there is no clear-cut explanation on 
the ground of color difference, and at present we 
have no suitable answer, but suggest that it will 
be found in physiological or psychological terms. 


CONCLUSIONS 


Our experiments warrant the support of the 
following conclusions: 
(1) Observations of a single low intensity op- 








® Slack, Phys. Rev. 45, 126 (1934); J. Frank. Inst. 218, 
445 (1934). . 
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tical field produced by a spark are unreliable not 
only on account of physiological and psycho- 
logical effects, but also because of variations in 
the spark discharge itself, those variations being 
due to numerous causes. 

(2) In our apparatus the intensity of the beam 
transmitted by the Faraday cells is consistent 
with predictions from the Verdet constants of the 
liquids used and the constants of the electrical 
circuit. 
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On Nuclear Moments 


D. R. INGLis, University of Pittsburgh 
(Received November 1, 1934) 


The magnetic moments of nuclei, most of them known 
only roughly, and their more accurately known ratios, 
can be fairly well explained quantum mechanically on the 
basis of the following assumptions: Nuclei are built of 
protons whose spin is 1/2 with a gyromagnetic ratio —5 
(the magnitude 5/2 of the magnetic moment agreeing 
with deflection experiments) and of neutrons whose spin 
is 1/2 with a gyromagnetic ratio —1.1; according to 


UCLEI with even atomic number Z and 
even mass number A have no observed 
magnetic moment. In the light of this and other 
evidence for the existence of “closed shells’’ of 
protons and neutrons in nuclei, attempts have 
been made by Landé,':?:* by Tamm and Alt- 
schuler* and by Schueler® to interpret observed 
nuclear magnetic moments as resulting from the 
spins and “orbits” of the few particles not in 
closed shells. While it is not yet clear that the 
interactions between particles in the nucleus are 
of such a nature that the magnitude of the orbital 
angular momentum of a single particle is con- 
served, there seems to be enough of value in the 
results’ that the basic assumptions should be 
tested in as unobjectionable a manner as possible. 
1 Landé, Phys. Rev. 44, 1028 (1933). 
* Landé (erroneously signed “‘Inglis and Landé’’) Phys. 
Rev. 45, 842 (1934); 46, 76 (1934). 
* Landé, Phys. Rev. 46, 477 (1934). 


‘Tamm and Altschuler, Acad. U. S. S. R. 1, 455 (1934). 
* Schueler, Zeits. f. Physik 88, 323 (1934). 


atomic number and mass at most one of these particles 
with a possible “‘orbital’’ angular momentum exists outside 
of ‘‘closed shells’’ and in addition possibly two neutrons 
without ‘‘orbital’’ moment. The coupling scheme is selected 
according to physical considerations analogous to those 
of atomic theory, and consistent with the importance of 
the proton-neutron bond. Only states of lowest spin-orbit 
coupling energy of the proton are realized. 


In several nuclei with A odd Z odd, one proton 
with spin and orbital momentum suffices to 
correlate the observed moments. It we invoke in 
addition to the proton two “free” neutrons (as 
for other nuclei it seems we must), the simplest 
assumption is that the extra neutrons have no 
orbital angular momenta, but only spins, s,. 
The only orbital moment is that of the proton, 
l,. Tamm and Altschuler allowed also a neutron 
orbital moment /,, limited by a condition that 
had only an empirical meaning, their complete 
coupling scheme being {(/,s,)[/,(s,s,)]} for A 
odd Z odd. The strong coupling between the 
spins of two electrons (familiar as Russell-Saun- 
ders coupling) depends on the identity of the 
two particles and should not exist between the 
spins of a proton and a neutron. The spin-orbit 
coupling arises from the motion of the particle in 
a radially non-uniform electric field, and may be 
very strong for a proton (or neutron) in the nu- 








~ 








ON NUCLEAR MOMENTS 85 


cleus, so that /, and s, have a constant sum j, 
(that is, 7,” is a constant of the motion). 

The facts of nuclear stability are interpreted*® 
to show that the strongest interaction in the 
nucleus is that between a proton and a neutron. 
While the nature of this force is not completely 
understood, analogy with the coupling of vectors 
in atoms makes very plausible the assumption 
that the strong force between a proton and a 
neutron gives rise to a strong coupling between 
their moments—stronger than the exchange 
coupling between the neutrons. In a nucleus with 
a proton and with two neutrons (having spin 
moment only) outside of closed shells, the me- 
chanical moment of the proton j, and that of one 
of the neutron spins s, are apt to have a constant 
sum j. To this the spin of the other neutron may 
be added to make up the total mechanical mo- 
ment of the nucleus, 7. The coupling of j, to one 
s, may be greater than to the other s, because 
the two neutrons are in general in different states. 

The coupling scheme {[(/,s,)s, |s,} may there- 
fore be considered physically preferable.’ It 
gives fairly satisfactory results only if we assume 
the g-values to be about g,= —5 for the proton 
spin,* and g,=—1.1 for the neutron spin (to- 
gether with the conventional g-value 1 for the 
proton orbit). For a given /,, the proton spin may 
be oriented in such a way as to make j,=/,—} 
or 1,+4, but with a negative value of g, the 
spin-orbit interaction should be such as to make 
the state j,=/,— 4 the lower. The formulas® for 
g-values involving these lower states are listed 
and evaluated in Table I. Those involving the 

®e.g., Heisenberg, Zeits. f. Physik 77, 1 (1933); 78, 156 
(1933); 80, 587 (1933). 

7In behalf of the use of any simple extreme-coupling 
scheme wherein the vector model is valid, rather than 
some intermediate case, be it remarked that in atoms 
(Inglis and Johnston, Phys. Rev. 38, 1642 (1931)) the 
variation of the g-value is at first very gradual as the type 
of atom varies from an extreme coupling into intermediate 
coupling. Validity of the result does not depend on strict 
realization of the extreme coupling. 

* Suggested by Breit and Rabi, Phys. Rev. 46, 230 (1934), 
whose suggested value of gtheor. for Li appears in Table III. 

*For the lone proton case, j,=J, with 1,=j,+1/2, 
g=1+(1—g,)/[1+(27+1)]. For the ‘case {[(j-s-)s,]s,}, 
it is necessary to distinguish between the various + signs 
with primes: ab ma 2, je =jx’ 1/2 and ly =jg%” 1/2, 
then g is given by the closed formula 


1 1 
= 2 — 2 eee 
e (+57p)(t Tursich) 


. (Q-apt, = ) 
1+" (27+12' 1+1) & 0 


TABLE I. Nuclear g-values, type ly =j,+-1/2. 























i j jr 
1/2 I (4~§)/3 =3 
1 1/2 (8—2g,+3g,)/9 = 1.63 
3/2 (6—gy—2g,)/3 = 4.40 
3/2 I (6—g,)/5 =2.2 
1 1/2 (4—gyp+6g,)/9 =0.27 
3/2 (6—gp+gn)/6 = 1.65 
2 3/2 (54—9%g,+5gn)/50 = 1.87 
$/2 (8 —g,—2g,)/5 = 3.04 
$/2 I (8—g,)/7 = 1.86 
2 3/2 (18—3g,+10g,)/25  =0.88 
$/2 (16—2g,+,)/15 = 1.66 
3 5/2 (160 —20gp+7g.)/147 =1.72 
7/2 (10—gy—2g,)/7 = 2.46 
7/2 I (10—g,)/9 = 1.73 
3 5/2 (40—Sg,+14g.)/49 =1.01 
7/2 (30 —3g,+g,)/28 = 1.60 
4 7/2 (350 —35gp+9g,)/324 =1.62 
9/2 (12—g,—2g,)/9 =2.15 
9/2 I (12 —g,)/11 = 1.54 
4 7/2 (70 —7gp+ 18g,.)/81 = 1.05 
9/2 (48 —4g,+,)/45 = 1,49 
5 9/2 (648 —54g,+11g,)/605 = 1.50 
11/2 (14—g,—2g,)/11 = 1.65 








other states appear in Table II. If the spin-orbit 
interaction is strong and of the type found in 
atomic electrons, there should be a preference 
for the nuclear g-values found in Table I. In 
Table III are listed nuclear mechanical moments 
I and approximate experimental g-values, to- 
gether with their more accurately known ratios. 


TABLE II. Nuclear g-values, type l, =j,—1/2. 























j jr 
1/2 I Lp =—§ 
1 1/2 (2gp+8n)/3 = —3.7 
3/2 (10+5g, —6g,)/9 = —0.94 
3/2 I (2+ g,)/3 =—1 
1 1/2 (gp +2gn)/3 =—2.4 
3/2 (10+5g,+3g,)/18 = 1.02 
2 3/2 (6+3g,+g,)/10 = —1.01 
$/2 (28+7g,—10g,)/25 = 0.16 
5/2 I (4+g,)/5 = —(.20 
2 3/2 (2+g,+2g,)/5 = —1.04 
5/2 (56+14g,+5g,)/75 =-—0.26 
3 5/2 (16+4g,+¢,)/21 = —0.24 
7/2 (54+9g,—14g,)/49 = 0.50 
7/2 I (6+g,)/7 = 0.14 
3 5/2 (4-+gp+2g,)/7 = —0.45 
7/2 (30—3g,+2,)/28 = 1.60 
+ 7/2 (30+5g,+¢,)/36 = 0.14 
9/2 (88+11g,—18g,)/81 = 0.61 
9/2 I (8+ g,)/9 = 0.33 
4 7/2 (6+g,+2g,)/9 = —0.13 
9/2 (352+44g,+9¢,.)/405 = 0.31 
5 9/2 (48 +6g, +g.) /55 = 0,31 
11/2 (130+13g,—22g,)/11 = 0.74 








— ¥ 
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TABLE III. Approximate ‘‘experimental’’* and ‘‘theoretical”’ 
g-values. 
I Rexp. Rthe« rT. ly 
Type (/,s,)* or 
| (LeSx) 5» JS» | 
Li,® 3/2 2.19 2.2* 2 
F 9” 1/2 3 3* 1 
Nag;!! 3/2 1.4 1.65 2 
Al»;"* 1/2 4 4.4 2 
Koy! 3/2 0.4 0.27 1 
Cues” 3/2 1.8 1.87 2 
Cues” 3/2 1.8 1.87 2 
Gag™ 3/2 1.4) 1.65) 2 
Gar,” 3/2 1gf'27 = g'peflh33 ng 
As; 3/2 0.6(?) 0.27(?) 1(?) 
Rbgs” 5/2 0.6) 0.88) 2 
Rba” 3/2 2.0;3-47 3.04/34 3 
Inyy5" 9/2 1.2 1.05 4 
Sbi2:*! 5/2 1.1) 2.46 | 4 
Sbi 2a"! §/2 0.7/ 1-36 1.86%; 1-32 3 
Csi 33" 7/2 0.7 1.01 3 
Atiw” 3/2 0.2 0.27 1 
Th oog™ 1/2 2.8) ;* l 
T hoog 1/2 2.gftOl = 3 1 
Bizoy™* 9/2 0.8 1.05 4 
Type (l,sy)* or 
{ly (SpSpSp) } 
Cady," 1/2 —1.3 —1.1* 
Cdi3* 1/2 1.3 —1.1* 
Snjis” 1/2 —1.9 -1.83 
Bays; 3/2 0.6(?) 0.66 
Heros 1/2 1.1) 1.1 
Hg2u™ 3/2 0.4, ~39 _9.37¢} -4-9 
Pboor™ 1/2 ® 1.1 


| 
| 
| 








*Experimental values are takea from references 3 and 8 (trusting 
most Fermi and Segré, or Schueler's recent application of their formula) 
augmented and corrected by (Sb) Tolanski, Proc. Roy. Soc. 146, 182, 
(1934), (F) Brown and Bartlett, Phys. Rev. 45, 537 (1934); (Tl) Wills, 
Phys. Rev. 45, 383 (1934); (K) Millman, Fox and Rabi, Phys. Rev. 45, 
769 (1934); and verified by (Na) Ellett and Heydenburg, Phys. Rev. 46, 
589 (1934); Rabi and Cohen, Phys. Rev. 46, 707 (1934); and (Cs) 
Granath and Stranathan, Phys. Rev., 46, 317 (1934), Cohen, Phys. Rev 
46, 713 (1934), but not by Barth, Zests. f. Physik 91, 272 (1934) who 
finds Ics =5/2. The magnetic moments of elements printed in tlalics 
have been determined from more than one confiurgation, and are 
therefore more reliable than most of the others: Fermi and Segré 
Zeits. f. Physik 82, 729 (1933). 


In several cases the g-values are experimentally 
uncertain by more than ten percent, but in addi- 
tion there is perhaps a greater theoretical un- 
certainty, due to the fact that the validity of an 
approximate solution of the many-electron prob- 
lem is assumed in deducing g-values from experi- 
mental levels of hyperfine structure. On the fairly 
safe assumption that the solution is the same for 
two isotopes, the ratio of the g-values of two iso- 
topes contains only the experimental uncertainty. 
The more accurately known data are printed in 
bold-faced type. The theoretical g-values in 
Table III were selected from Tables I and II 
to fit the data best.'® The fact that practically" all 


10 Possible exceptions are Bi, Cs and As. For Bi, Goud- 
smit, and for Cs, Schueler and Fermi and Segré give more 
favorable data than are listed. Arsenic is experimentally 


uncertain. 
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the best values are found in Table I (lower proton 
states) 1s an argument for the validity of this inter- 
pretation. 

In nuclei having one free neutron with, and 
possibly two without, orbital moment (A odd 
Z even), the spin-orbit interaction of the one 
neutron which has orbital moment may give 
rise to the strongest coupling, since the interac- 
tion between the neutrons is comparatively 
small. The two neutrons without orbital moment, 
being in similar states (analogous to s-states), 
may have their spins more closely coupled to- 
gether than to the spin of the other neutron. This 
suggests as an approximation the coupling 
scheme {| (/,s,)(s,s,)}. But the spin-orbit coupling 
of the neutron might be much smaller than that 
of a proton (g, is smaller than g,, and even so 
simple an effect as an electrostatic crowding of 
the protons toward the outside of the nucleus 
could reduce the coupling). This suggests that the 
coupling scheme {/,(s,s,s,)} used by Tamm and 
Altschuler for this type is also possibly a reason- 
able approximation. The few data for this type of 
nucleus, among which the most important is the 
ratio of g-values for Hg, are interpreted almost 
equally successfully by either scheme. They are 
listed at the bottom of Table III with theoretical 
values according to the Tamm-Altschuler scheme 
{1,(s,s,s,)}. 


DISCUSSION OF RESULTS 


The results of our hypotheses, as listed in Table 
III, are in good enough agreement with the 
present “experimental” results so that there is no 
direct contradiction them. On the 
other hand, if we assume all measurements to be 
correct, two or three cases require a greater 
uncertainty in the calculated value of the 
magnetic field at the nucleus than one might 
intuitionally like to admit. That part of this 
might be due to error in measurement seems 
probable in view of several changes in accepted 
experimental values of g and even of J within the 
past year. The results are most significantly 
adjudged in terms of the fraction of the calculated 
field at the nucleus which would have to be added 
to it (and attributed to something neglected in 
the approximate solution of the extra-nuclear 
problem) to bring about agreement; that is, in 


between 
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terms of (£¢theor.— exp.) /£theor.- Aside from the quite 
uncertain case of As, the mosi adverse case is 
Sb, wherein, in order to get agreement of the 
ratio, one must suppose a 60 percent deviation 
from the calculated field of the electron cloud. 
Next to that worst case comes Cs, where a similar 
discrepancy of 30 percent is found. It is satis- 
factory that, among the cases determined from 
more than one atomic configuration (and printed 
in italics in Table III), there should be no dis- 
crepancy of more than about 15 percent (In and 
Cd). 

The value of g, = —5 is determined by the case 
of Li and by deflection experiments (the value 5 
failing elsewhere in this scheme). Thereafter the 
value of g,= —1.1 is determined most critically 
by the ratio for Rb (another possibility there, 
g,= —2, is forbidden by discrepancies of magni- 
tudes but not ratios in Cd and Hg). A negative 
gyromagnetic ratio for a positively charged par- 
ticle is perhaps surprising, but not alarming in 
view of the failure of the Dirac value 2. 

Presupposing, as we have, the applicability of 
the quantum mechanics to the heavy particles in 
the nucleus, one would like to believe that the 
deuton H,! is a rotator stable in its zero rota- 
tional state. In that case, its moments (/=1, 
g=0.7;) would be due entirely to spin and inex- 
plicable with as small a g, as we have here used. 
While simpler in number of particles, this nu- 
cleus lacks the steadying influence of a heavy 
charged core and may therefore be essentially a 
more complicated problem than the first approxi- 
mation for the heavier nuclei. (For example, the 
spin-spin coupling may align the spins along the 
body axis of the rotator, making the rotation 





H g./ TP )un* | gol 3(Se* 7) (S,° 17) 7? — (Se $5) ]— 31 j Sy) | — gon (Se H) — gaun(S,* H) — pw fH) /2 


intricate.) The deuton problem being unsolved, 
the deuton data cannot invalidate our scheme. 

The assumption that two extra neutron spins 
appear from closed shells when one particle will 
not suffice seems at first very arbitrary, but may 
be made plausible by consideration of possible 
energies. A strictly analogous assumption is 
made to explain the spectra of atoms of the iron 
group, where the lowest configuration 3d°5s of 
Cr follows 3d*5s* of V. In either case, the spins 
of two particles which, if alone, would form a 
closed shell, seem to find that interaction with 
the spin of some other particle is energetically 
more advantageous than is the closed shell. 

The agreement with the fairly accurately 
known data—the ratios and the value for Li—is 
satisfactory. The number of accurately known 
data is not sufficient to make possible a con- 
vincing array of close agreements. Since there are 
several ways that a coupling scheme might have 
been selected and several choices of values con- 
sistent with the coupling selected, a general 
agreement with the present data demonstrates 
only the possibility, not the validity, of this 
simple scheme. But the empirical selection of 
states of lowest spin-orbit energy is surprising, 
and quite improbable unless physically founded. 


Note added to proof, December 7. THE DEUTON magnetic 
moment may be deduced fairly satisfactorily from the spin 
moments here used if one assumes the stability of the first 
rotational state. (It has been suggested that a similar as- 
sumption might account for the fact that the mass defect 
of the alpha-particle is much more than four times that of 
the deuton.) In addition to some large term representing 
proton-neutron binding, which leads to wave functions 
involving the usual spherical harmonics, we introduce into 
the Hamiltonian the magnetic perturbation terms 


? 


representing the magnetic spin-spin and rotation-spin coupling, and a small external magnetic field H. Here s, and s, 





are Pauli spin operators, j is rotational moment, uy is the nuclear magneton ug/ 1840, and r the proton-neutron separation. 
In order to deduce the factor 3 of the rotation-spin term (j- s,) it is necessary to use the relativistic consideration applied by 
Thomas to atomic spin-orbit coupling, obtaining the result that the magnetic field at the neutron in the coordinate system 
of the neutron is 3/4 as great as it would be if the neutron were at rest, the relative motion of proton and neutron remain- 
ing unchanged. Considering only the lowest vibration state, the perturbation energy matrix reduces according to rotational 
states j, and according to projections M of the total angular momentum, so that we have for j7=1 and +M=1 the sub- 
matrix 


= -s ‘ie = , es — —— 


l j —} Ee t1S)AF wH 6g,A 3g, +30)A v¥2 





(gp—15)A¥ well 3g,A/¥2 


0 : 4 | (3gp+30)A/v2 3e.A/y¥2 2g,AF wi . 
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where A =(g,/?*)uy?/10, wn: =(1+g9—gn)un/2, we =(1—gp+gn)un/2, and us=(g>+gn)un/2. The perturbation term of the 
energy we write ¢* guyH, where g is the ratio of magnetic to mechanical moment of the system in the state of which the 
energy for H =0 is «, in the usual perturbation procedure (setting g,= —5, g.= —1.1, gpd =a): 























— 2aF w,H — (eF gun) 6a —3a/V2 
6a 4a¥ woH — (eF gunH) 3a/¥V2 =. 
—3a/yV¥2 3a/v¥2 2aF wH — (e€F gun) 
The lowest root for H=0 is ¢/a = —6.69, which, inserted in the determinant, leaves only the terms in H (we neglect 
Paschen-Back terms in H*), leading to 
mw |4—e/a 3/2 uo | —2—e/a —3/y¥2 ws | —2—e/a 6 
un | 3/¥2 2—e/a un| —3/¥2 2—e/a UN 6 4—ée/a 
,=—- —- -- - - = —0.60, whereas | gexp| =0.75. 
4—e/a 3/¥V2 —2—e/a —3/v2 +4 —2—é/a 6 
3/V2 2-—é/a —3/V¥2 2-—é«/a 6 4—<«/a 











Erratum: Thermal Expansion and the Ferromagnetic Change in 
Volume of Nickel 


CLARKE WILLIAMS, Columbia University 


(Phys. Rev. 46, 1011, 1934) 


HE coordinates of the point on Fig. 5, referred to in the third paragraph 
of the first column on page 1014, are Temperature 450°C, and Coef. of 
Exp. 15.9 10-*. This point was shown in Fig. 5 in the proof but disappeared 


subsequent to the return of the proof to the printer. 
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LETTERS TO THE EDITOR 


Prompt publication of brief reports of important 
discoveries in physics may be secured by addressing 
them to this department. Closing dates for this 
department are, for the first issue of the month, the 


Recent Measurements of Upper-Atmospheric Ionization 


This letter is in the nature of an addendum to Dr. E. O. 
Hulbert’s communication in the issue of this journal for 
November 1, 1934. 

(1) In his brief account of the historical sequence of 
the identification of the various ionospheric regions it 
would appear that Dr. Hulbert has confused the main 
Region F, and the subsidiary ‘‘shelf’’ Region F;. The 
identification of Region F; as a separate stratum existing 
above the well-known Kennelly-Heaviside layer (Region 
E) was made in nocturnal experiments in 1926-7. In such 
experiments we know that Region F,, which is of day-time 
occurrence only, could not have been detected. Evidence 
of the day-time formation of this region and of the sym- 
metrical trend of its electron content relative to noon was 
first published in 1933.* 

Since the maximum electron density in Region F; is 
always much greater than that in Region F,, we must seek 
an explanation of radio skipped distances, if an electron- 
limitation hypothesis is accepted, in terms of Region F; 
ionization and not in terms of Region F, ionization, as Dr. 
Hulbert proposes to do. Support for such a view is found 
in the fact that the skipped distance has the same type of 
diurnal trend (asymmetry with respect to noon) as the 
temporal ionization variation in Region F; would lead one 
to expect. It does not follow the symmetrical variation of 
Region F;, ionization relative to noon. 

(2) There is substantial evidence conflicting with Dr. 
Hulbert’s theory that the effective electrical carriers in the 
Kennelly-Heaviside layer are of molecular (and not 
electronic) mass. Effects of double refraction (echo- 
doubling) and differential absorption of the ordinary and 
extraordinary reflected wave components,‘ due to the 
influence of the earth’s magnetic field, are found for Region 
E as for Region F, and it may be shown that these phe- 
nomena can only be expected to occur if the effective 
electric charges are associated with electronic mass. 

(3) The interpretation of the diurnal and seasonal 
trends of the critical penetration frequency for Region F; 
presents considerable difficulties. One view, urged by 
Kirby, Berkner and Stuart,® is that the measurements 
made when the sun is high (e.g., at summer noon) are 
entirely vitiated by absorption and that the ionization 
maximum really is greater on a summer noon than on a 
winter noon although the critical frequency measured in 
summer is not greater than that measured in winter. An 
alternative theory, which I put forward at a meeting of the 
International Scientific Radio Union in London (Septem- 
ber, 1934) at which a world survey of ionospheric results 
was discussed, is that the critical frequency measurements, 
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twentieth of the preceding month; for the second 
issue, the fifth of the month. The Board of Editors 
does not hold itself responsible for the opinions ex- 
pressed by the correspondents. 


even allowing for a certain amount of absorptive effect, 
really do indicate an abnormal depression of the value of 
maximum ionization when the sun is high and that the 
occurrence of this abnormality is due to the increased 
temperature (and thus lower ion-production) and conse- 
quent expansion (and thus reduced maximum ionization 
content) of the outermost layers of the atmosphere. 
E. V. APPLETON 
Halley-Stewart Laboratory, 
King’s College, 
London, England, 
November 24, 1934. 

! Appleton, Nature 120, 330 (1927). 

* Appleton, Nature 131, 872 (1933) and Proc. Phys. Soc. 45, 673 
(1933); see also Schafer and Goodall, Nature 131, 804 (1933). 

? White, Proc. Phys. Soc. 46, 91 (1934). 

‘ Appleton and Ratcliffe, Proc. Roy. Soc. A117, 576 (1928). 


-" Berkner and Stuart, Bur. Standards J. Research 12, 16 
(1934). 


Natural Width of the Ka-Lines 


The purpose of this note is to give a simple theoretical 
interpretation of some of the experiments dealing with the 
natural widths of x-ray lines. The results of Allison,’ 
which exhibit an interesting variation of the widths of the 
Ka-doublet lines with atomic number, will be the main 
object of the present considerations; we hope to discuss 
quantitative refinements and extensions to other experi- 
mental situations in a later publication. 

The widths of the Ka-lines arise almost entirely from 
the finite lifetimes of the energy states involved in the 
emission of the lines. Other effects, such as Doppler effects 
and perturbations due to the crystal potential, play a 
subordinate réle. These lifetimes, in turn, are closely 
related to the probabilities of transition from the state 
whose lifetime is to be calculated, to energetically lower 
states. Under conditions? which are very nearly satisfied 
for a Ka-line, the energy width, AE, of such a line is the 
sum of the widths of two atomic states, that in which the 
K-electron is missing, and that in which the L-electron is 
removed from the atom. Subject to this interpretation, 
we write 


AE=AEK+AE,. (1) 


We shall ignore the doublet structure of the lines in our 
present consideration. 

When one K-electron is missing from the atom, the 
probability that an (n, /, m)-electron will fill the vacancy 
is given by 


AK: a, 1, m= (644*/3)(e*v*/he*) |r Kx: 2, 1, |", (2) 
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and this probability expresses the average number of 
transitions of this type which occur per second. » is the 
frequency of the spectral line corresponding to this transi- 
tion, and rx; », 1, m the matrix element. The total number 
of possible transitions from the initial state of the Ka-line, 
i.e., the reciprocal of its lifetime As, is the sum of (2) 
over all n, /, m, including the states of the continuous 
spectrum: 

1/At= > AK: », 1,.m@AK. (3) 


nim 


To calculate the matrix elements in (2) would be a hopeless 


task. Instead, we introduce “oscillator strengths,” fx; »,.:, 
using the relation 
Li IrK:; n, t, m|?=(3h/8x2m)-(1/»)f Kx; n, 1, 
m 
so that, because of (2) and (3), 
A x = (8x"*/c) - (e?, mc)>- Mx: a, tS K; 2, 1 (4) 
nl 


Since » is independent of m, the summation over m is 
already completed. If the matrix elements in question 
involved but one electron moving in a fixed potential 
field, the sum rule 


> fx: 0,i=1 (5) 
ni 


would be rigorously valid. In fact, however, we can only 
say that the sum of the f’s connecting any one state with 
all other states, including multiple transitions, yields the 
value Z, the atomic number. Now the error made in 
applying the sum rule to the electrons in one closed shell 
is probably not very large. Thus, if both K-electrons were 
initially removed, we could state with fair accuracy that 
the sum over the f's of all possible transitions capable of 
filling the two vacancies is 2.* This sum would include 
numerous double jumps which are not considered when 
the sum rule is written for a single electron. Hence (5), 
while still correct as to order of magnitude, should read 


> fx: a. 1=1-8, (5') 
nl 


where 4, a positive quantity, might be termed the ‘“‘sum 
defect’ for a K-electron. 

Let us for the present suppose (5) to be correct. We can 
then calculate an approximate upper and a lower limit for 
Ax. The smallest possible frequency » in (4) is equal to 
3Z*R, where R is Rydberg’s number, while the largest one 
will not be materially greater than Z?R, which corresponds 
to the ionization limit for the K-electron. Thus 

8x? e? 8x? ¢? 


—— -——(942*P RR? <A xe << — — ZR’. (6) 
mc ; cf 


c cc wm 


The same considerations may be applied to A ,. But here 
the smallest » appearing in the sum like (4) is (}—})Z?R, 
the largest is }Z*R. We see, therefore, on inserting these 
values in (4) that A; is smaller than A x by about a factor 
10 or more. This decrease is partially offset by an increase 
in f, for the f-sum over all the states in question is greater 
than one, since the f's to lower states, which are negative, 
must be excluded. 

From Af (cf. Eq. (3)) the natural width of the energy 
level and hence the frequency width is easily computed. 
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According to the indeterminacy principle, 
AE - At=hAv-At=h/2r, 


and one can see from the work of Weisskopf and Wigner? 
that, if the equality sign is here chosen, and At is defined 
by (3), the quantity A» refers to the full half-width of the 
frequency distribution. If we neglect A, against Ax we 


find for the half-width of the Ka-line 
Av=Ax/2r. (7) 


According to previous remarks, AE ,, the width of the 
initial state of the L-lines, should be smaller by perhaps a 
faetor 10 than AEx, the width of the initial state of Ka. 
Experimental evidence on this point is available from the 
work of Richtmyer, Barnes and Ramberg,‘ who find for 
three different L-levels of Au the following values for AE: 
8.7; 3.7; 4.4 volts, as against 40 volts for the ionized 
K-state. Moreover, it appears from the experiments of 
Richtmyer and Barnes‘ on the widths of the K-series lines 
for W that there is no strong variation in the width as one 
passes from one line to the other, indicating that it is the 
K-state which impresses its width upon each line. 

If we plot Av from (7) against Z, with Ax given by 
(6), we obtain Fig. 1. The two curves indicate upper and 
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_Fic. 1. Curves represent “sum rule limits” for half widths of 
Ka-lines. Crosses represent averages between values for Ka; and Ka 
found by Allison 


lower limits in aceordance with (6), the crosses are Allison's 
experimental points. In judging the agreement it must be 
borne in mind that we have neglected Auger effects which 
would tend to broaden the line. It is significant that the 
experimental widths for high atomic numbers are smaller 
than those given by this simple theory. This discrepancy 
seems to be due to what was called the sum defect, 4, 
arising partly from the absence of double transitions in 
the f-sum here used, and partly from an actual shift of 
oscillator strengths from inner to outer electrons as Z 
increases. This latter effect is also evident in the difficulties 
discussed by Bearden and Wheeler.’ If experimental f- 
values, taken from x-ray absorption data, were substituted 
for the uncorrected ones here chosen, the agreement 
between the curves in Fig. 1 and Allison's points would 
be somewhat better. 
HENRY MARGENAI 
Yale University, 
December 4, 1934. 

'S. K. Allison, Phys. Rev. 44, 63 (1933 

? Cf. V. Weisskopf and E. Wigner, Zeits. f. Physik 63, 54 (1930 

+See, however, J. A. Wheeler and J. A. Bearden, Phys. Rev. 46, 755 
(1934), who find that this sum rule yields values somewhat larger than 
those obtainable from experiment. 

‘F. K. Richtmyer, S. W. Barnes and E. Ramberg, Phys. Rev. 46 


843 (1934). 
+ F. K. Richtmyer and S. W. Barnes, Phys. Rev. 46, 352 (1934) 
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The Fermi Proton Effect 


E. Fermi and his co-workers! have recently discovered 
the remarkable effect of proton containing substances in 
increasing the yield of artificial radioelements during 
neutron bombardment. We had an opportunity to study 
this effect and some of our results are communicated below. 

A silver cup was irradiated for 15 minutes with neutrons, 
from a Be-tube with 200 mC Rn, f1) in air, (2) filled to 
the rim with pure water and (3) filled and surrounded 
with water. The increase in activity depends to a great 
extent on the geometry of irradiation. The dimensions in 
case 3 are shown in Fig. 1. 

The emitted electrons were counted by 
He-filled Geiger-Miiller tube and a thyratron operated 
counter. The results are plotted on logarithmic paper, as 
given in Fig. 2. 

Filling the cup with water increases the silver activity 
three-fold and by surrounding it with water the activity 
is still further increased by a factor of 3-4. This increase 
is also produced in about the same degree by n-pentane 
(nm-CsHi2), while the effect of carbon tetrachloride (CCI,) 
and carbon disulfide (CS,) is practically negligible. 

The addition of 5 percent uranyl nitrate to the water 
reduces the effect of pure water, as does boric acid.' The 
Al-cylinder of 0.03 mm wall thickness 


means of a 


introduction of an 
between source and cup has practically no effect. 

This Fermi phenomenon was also observed with iodine 
and aluminum cylinders. One should expect the same 
effect with neutrons produced by artificially accelerated 
ions. 

In agreement with Fermi and as expressed by one of us 
in discussions previously, we believe that as the neutrons 
loose their energy by collisions they are more and more 
easily captured by nuclei with the production of stable 
or radioactive isotopes. The protons of the water absorb 
the energy of the neutrons by elastic collisions and the 


probability of capture of neutrons by protons (deutons 
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Fic. 2. Variation of the activity produced by bombarding silver with 


neutrons. (1) AG-beaker in air; (2) AG-beaker with water inside; (3) 
iG-beaker filled with and surrounded by water 


will be investigated) is evidently small, since a large 
quantity of neutrons are reflected backwards (see case 3) 

It would be interesting to determine the neutron capture 
probability of different elements or isotopes placed between 
the source and the silver (or any other suitable material) 
and as indicated by the activity of the latter. 

It is a pleasure to acknowledge our indebtedness to Dr 
M. Cutler, of Michael Reese Hospital, for our sources and 
to Dr. W. D. Harkins for the loan of metallic beryllium. 

A. Vv. GRossE 
M. S. AGruss 
Kent Chemical Laboratory, 
University of Chicago, 
December 10, 1934. 


Amaldi, B. Pontecorvo, F. Rasetti and E. Segré, La 
lo. 7-8, No. 9-10 (1934) 


'E. Fermi, E 
Ricerca Scientifica 2, No 


North-South Asymmetry of the Cosmic Radiation 
in Mexico 


During a recent survey of cosmic-ray angular distribu- 
tions, northern and southern intensities were compared at 
six different zenith angles in the plane of the local magnetic 
meridian. Measurements were made at two elevations in 
geomagnetic latitude 29°. The first station, referred to 
by the name Copilco, was on a ranch near Mexico City 
2280 m. 


camp on the summit of Nevado de Toluca, a volcano in 


at an elevation of he second station was a 
the State of Mexico, elevation 4300 m. 

The apparatus used was a new multidirectional coinci 
dence counter which simultaneously recorded she intensi 
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ties from seven different zenith angles. (Because of high 
horizons the data for the lowest of these have not been 
used.) Frequent rotations of 180° about a vertical axis at 
regular intervals gave data for comparing the intensities 
from opposite azimuths at each of the zenith angles 
without relying upon long-time constancy of the instru- 
mental sensitivity, nor upon knowing the relative sensi- 
tivities of different coincidence groups. The operation and 
recording were wholly automatic and it was only necessary 
to set up the apparatus and then afterwards to read the 
records. 

The results of the north-south comparisons represent 
but a small part of the data obtained on the expedition, 
but since they present some new and unusual features 
they are reported in advance of the complete account of 
the work. A definite southern excess was found at most 
zenith angles and at both stations. These are represented 
in Fig. 1, by the ratios of the differences of the south and 
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Fic. 1. Ratios of the difference to the average of south and north in- 
tensities at two stations in Mexico. 


north intensities to their average value. Each point in the 
figure is the average of many independent determinations, 
and from the dispersion of the individual data the probable 
errors can be determined with considerable accuracy. 
These are represented by the vertical lines. Data for 
angles near the horizon are characterized by a small 
number of counts and the probable errors are correspond- 
ingly large. The point represented by the full dot was 
obtained in the same latitude at an elevation of 11,000 ft. 
in 1932. 

A north-south asymmetry of this general character was 
first predicted by Lemaitre and Vallarta, though the 
excluded region diagrams of Stérmer give a basis for the 
qualitative explanation. If attention is limited to rays of a 
particular energy which arrive from a direction parallel 
to the plane of the meridian this fixes the scale on which 
to represent the radius of the earth and it fixes the shape 
of the excluded regions. The component of the motion of 
a charged corpuscle resolved parallel to the meridian plane 
which rotates so as to always contain the corpuscle, is 
similar to that of a small ball rolling in the horn-shaped 
potential valley, a portion of which is represented in Fig. 2. 
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Fic. 2. Portion of the Stérmer excluded region djagram for rays 
incident in the magnetic meridian in the latitude of Mexico, showing 
typical orbits incident from the north and from the south at the same 
zenith angle. 


To be incident from the polar side of the observer at angles 
close to the horizon, rays would have to first pass through 
the earth as is indicated by the diagram, whereas from 
the equatorial side the orbit comes directly from external 
space. A lower northern intensity can thus be interpreted 
as a shadow effect. Since other energies are also to be 
taken into consideration the shadow is only a partial one. 
These considerations seer to account for the asymmetry 
at angles close to the horizon but the asymmetry near the 
zenith would seem to require more complicated orbits 
which first enter the horn on the opposite side of the 
equator where they penetrate the earth, thence passing 
out again, crossing the equator, and arriving at the point 
O. Recent calculations by Lemaitre and Vallarta have 
indicated the existence of such orbits and it is possible 
that they may account for the observed asymmetry at 
angles close to the zenith. It would also seem possible to 
account for a dip in the asymmetry such as is observed at 
45° by a consideration of these same orbits. However, it 
is possible, though not probable in view of the similar 
results at both stations, that this dip is due to statistical 
fluctuations. 

If the north-south asymmetry is to be attributed to 
shadow effects, along the lines indicated, it should depend 
upon the sum of the positives and negatives, and not upon 
their difference as in the case of the east-west asymmetry. 
The effect should disappear at the equator and should 
appear as a northern excess in southern latitudes. 

I am indebted to M. S. Vallarta for urging me to make 
these further studies of the north-south intensities, as well 
as for his cooperation in carrying out the work. I also 
wish to acknowledge my gratitude to Dr. C. S. Margain 
for the use of his facilities at Copilco, to the Federal 
Government of Mexico for assistance on Nevado de 
Toluca, and to Mr. Lewis Fussell, Jr., for his help with 
the measurements and reduction of data. The work was 
carried out under a grant from the Carnegie Institution 
of Washington, administered by the Cosmic Ray Com- 
mittee and the Department of Terrestrial Magnetism. 

Tuomas H. JOHNSON 

Bartol Research Foundation 

of the Franklin Institute, 
December 12, 1934. 
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Gamma-Ray Neutrons and the Fermi Proton Effect 


We have observed that neutrons emitted by y-rays from 
beryllium (Chadwick-Szillard effect) also show the Fermi 
proton effect." lodine was the element irradiated and a 
product with a half period of 24 minutes obtained. 

Our neutrons were produced from 80 g of powdered Be 
(placed in a water-proof waxed paper cylinder of 75 mm 
diameter) by y-rays from 0.50 g Ra contained in needles 
and filtered through 0.5 mm of Pt. 

An iodine beaker was made by evenly coating the walls 
of a 600 cc Pyrex beaker (diameter =8.5 cm, height = 11.5 
cm) with 150 g of the element. The neutron source was 
placed in the iodine beaker and the latter in a 4.0 lit. 
beaker (diameter = 15.5 cm, height = 26.5 cm); the whole 
was placed in a safe protected with 2 cm of Pb. 

The irradiation was run for 18 hours, (1) in air and (2) 
with the beakers filled to the rim with water. The results 
are plotted in Fig. 1. 
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Fic. 1. Variation of time of the activity produced by bombarding iodine 
with neutrons produced by y-rays 


Here, as with neutrons emitted by a-particles, the 
presence of water increases the induced radioactivity by a 
factor of five. 

Again we are indebted to Dr. M. Cutler of Michael 
Reese Hospital for the source and to Dr. W. D. Harkins 
for the beryllium. 

A. v. GROSSE 
M. S. AGruss 
Kent Chemical Laboratory, 
University of Chicago, 
December 12, 1934. 


1E. Fermi, E. Amaldi 


B. Pontecorvo, F. Rasetti and E. Segré, La 
Ricerca Scientifica 2, No. 7 : 
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The Interaction Between Vibration and Rotation for 
Symmetrical Molecules 


The problem of the vibration-rotation interaction in 
symmetrical molecules has recently been studied by 
Teller! who has shown that it will account for the anoma- 
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lous spacing observed in the infrared bands of methane 
and of the methyl halides. We have somewhat extended 
the theory and have been able to revise Teller’s calcula- 
tions. The results appear to be of sufficient importance to 
warrant a preliminary report, reserving until later an 
account of the proofs on which they are based. 

Teller has shown that the fine structure spacing of the 
zero branches (AK = +1, AJ =0) in a perpendicular band 
of an axial symmetrical molecule has the form, 


Av=[(1—¢)/C—1/A Ja/4e?, - 


where ¢ is the angular momentum in units of 4/2 due to 
the vibratory motion alone. The value of ¢ depends upon 
the potential constants of the molecule and may be 
computed in terms of them. The sum of the ¢'s for all the 
first excited states of a given symmetry type is, however, 
independent of the potential constants and is a function 
only of the masses and dimensions of the system. Thus 
the sum of the line spacings of the fundamental bands of 
a given type (say the perpendicular bands) will yield 
information about the moments of inertia providing Zf is 
known. Since Zf is independent of the particular force 
constants it may be computed for extreme force fields 
where the motion of the system is readily obtainable. In 
this way we have found that for the symmetrical molecule 
YX,, =f =C/2A—1, where C and A are the moments of 
inertia along and | to the figure axis, respectively. For 
the molecule ZYX; (to which type the methyl halides 
belong) we find 2f=C/2A. Thus the sum of the line 
spacings of the three bands of the methyl halides should 
be, TAv=(3/C—5/2A)h/4e*. These bands have been 
observed by Bennett and Meyer* who found the sum of 
the three line spacings to be, 24.65, 27.15, 28.32 and 28.5 
cm™ for CH,;F, CH;sCl, CH,Br and CH,I, respectively 
The moment of inertia A is known to be 39.5X10~* for 
CH,F. In the case of the other methy! halides its value 
has been estimated’ to be 61, 89 and 99X10~", respec- 
tively. Combining these data we obtain C =5.90, 5.65, 
and 5.55xX10-* for CH;F to CHI. The H-—H 
distance for these molecules is accordingly 1.88, 1.84, 1.83 
and 1.8310"* 

The methane molecule possesses two active fundamental 
frequencies and for these we compute Zf=}, a result 
which agrees with Teller’s conclusions. Using the line 
spacings found by Cooley* we obtain J=5.47x10°*, 
H—H =1.81 and C—H=1.11 X10". It thus appears that 
the methyl group has essentially the same dimensions in 
the methyl halides and in methane. These values for the 
moments of inertia are based on the assumption that the 
motion is purely harmonic and hence may be subject to 


5.55 


slight revision. 

Dr. Rosenthal* has shown that the general potential 
function for the methane molecule contains five constants, 
A, B, C, Dand E. These have not hitherto been evaluated 
since the molecule possesses but four normal frequencies. 
A fifth relation is now at hand since f{; or {4 may be com- 
puted as a function of the potential constants. We find 


i= 66;—1) 68;+2) i=3, 4, 


where 4; = 8D*/(3m);— A)*. By using this relatign together 
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TABLE I. Fundamental frequencies of the molecules of CHs, CHsD, CH2Ds, CHDs, CD, 











CHs (2914) (1520) 314 1304 
(CHaD)+ 2944 | 1460 | 2183 w13 1 1300 |, 11511 
(CHsD)~ 2694 || 1406 | 2993 2796 L 1036 |!, 1289] 
(CH2D»)+ 2141M (1317), 1424 M 2227 G, 2969 M, 3013 L 1228 G, 1019 M, 1082 L 
(CH2D»)_ 2461 M (1317), 1245 M 2768 G, 2771 M, 2536 L 989 G, 1089 M, 1285 L 
(CHD»), 2101 || 1286 | 2992 2222 L 994 ||, 10201 
(CHDs»)- 2475 1136 | 2166 2549 | 1163 ||, 1007_1 
CDs (2061) (1075) 2227 9R7 








with the four normal frequencies it is found that, 
A =7.670X 10° dynes/cm D=+1.278, 
B=0.476 E=0.313. 
C=0.341. 
The fundamental frequencies of the molecules CH;D, 
“H:D,, CHD, and CD, may now be calculated using the 
equations developed by Dr. Rosenthal.’ There are two 
solutions corresponding to the positive and negative values 
for the constant D. Our results are collected in Table I. 
The inactive frequencies are enclosed in brackets. In the 
case of CH,D, the letter following the frequency indicates 
whether the electric moment vibrates along the axis of 
least, middle or greatest moment of inertia. 

Professor Barker and Mr. Ginsburg have continued 
their investigation of the absorption spectra of the heavy 
methanes and they have very kindly allowed us to state 
that their results appear to conform very satisfactorily 
with the bands predicted by the solution using D = +1.278. 
The band reported by them‘ at 1090 cm™ is thus probably 
due to CH,Ds,. If this identification is correct, it would of 
course invalidate their estimate of the moment of inertia 
of methane. 


_ 


Davip M. DENNISON 

MANFRED JOHNSTON 
University of Michigan, 
Ann Arbor, Michigan, 
December 13, 1934. 


t E. Teller, Hand- und Jahrbuch d. Chem. Phys. 9, 125 (1934) 
?W. H. Bennett and C. F. Meyer, Phys. Rev. 32, 888 (1928) 
+S. L. Gerhard and D. M. Dennison, Phys. Rev. 43, 197 (1933) 
‘J. P. Cooley, Astrophys. J. 62, 73 (1925). 

5 J. Rosenthal, Phys. Rev. 45, 538 (1934). 

* E. F. Barker and N. Ginsburg, J. Chem. Phys. 2, 299 (1934). 


The Temperature Function of X-Ray Reflection in the 
Neighborhood of the Melting Point of a Crystal 


In connection with some more extended work concerning 
the temperature variations of physical properties of metal 
crystals the following deviations from the Debye-Waller 
function concerning the temperature dependence of x-ray 
reflections have been observed in the neighborhood of the 
melting point of Bi crystals. 

The apparatus used was the Bragg-spectrometer with 
stationary ionization chamber, described previously,! with 
added arrangements for heating the crystal in a neutral 
atmosphere under well controlled temperature conditions 


up to the melting point of Bi (272°C). The direction was 

along [ 111 }, the radiation used Mo Ka in third order. 
Whereas the Debye-Waller law requires a continuous 

decline with increasing temperature for the relative 





integrated intensity following: 


I/T, =e-*T-sin? 0 
it was found that at approximately 210°C J/Jp passed 
through a minimum after which it increased with T to a 
value equivalent to 7~ 150°C for the highest observed 
temperature (265°C) (Fig. 2). 

The reversibility of the J/Jo(7) function proved to be 
largely depending upon the thermal history of the crystal 
although only crystals without any indication of crystallo- 
graphic irregularities were used. Figs. 1 and 3 represent 
the J/Io(T) function of crystals having been raised to 
approximately 220°C and then quenched in liquid air 
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Fics. 1-4. The ordinate represents the relative integrated intensity 
of third order Mo Ka radiation reflected from Bi (111); the abscissae 
the temperature in C. In Figs. 1 and 3 the crystal was ‘“‘quenched 
before measurements with increasing temperatures were taken. In 
Fig. 2 the crystal was annealed before measurement. In Fig. 4 the 
crystal was heated after annealing (upper curve), then quenched and 
reheated (lower curve). The arrows indicate the temperature direct 
of the measurement. 
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previous to the heating necessary for the measurement. 
As is to be expected a certain takes 
place inside the crystal indicated by a higher reflectivity 


“recrystallization” 


for decreasing temperatures. 

Fig. 2 shows the function of a crystal having been 
annealed at high temperature for a considerable time. 
Here the hysteresis is absent within the margin of experi- 
mental error. 

The crystal in Fig. 4 is heated after annealing (upper 
curve) then immediately quenched and reheated. Here as 
in all other cases it will be noticed that a heated (and thus 
annealed) crystal being measured while cooling or a 
previously annealed crystal being heated shows a higher 
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reflectivity, whereas the non-annealed orystal follows the 
power type of curve, i.e., is a less perfect reflector. It is 
interesting to note that this hysteresis is largest in the 
region of the anomaly (d(J/I9)/dT~0). 

A detailed account of the determination of the tempera- 
ture function in a temperature range from the boiling 
point of hydrogen to the melting point of Bi will be 
published soon. 

Ropert B. Jacoss 
ALEXANDER GOETZ 
California Institute of Technology, 
December 5, 1934. 


1 R. C. Hergenrother, Physics 2, 211 (1932) 
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